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ELECTRONICS AND ELECTRICAL ENGINEERING

UDC 621.391,161

SPATIAL-TIME PROCESSING OF RADIO SIGNALS IN RADIO MEASUREMENT SYSTEMS IN
THE GENERAL CASE (REVIEW)

Kiev IVUZ RADIOELEKTRONIKA in Russian Vol 21 No 11, Nov 78 pp 3-15

[Article by I.Ya, Kremer and G.S. Nakhmanson, manuscript received following
revision 10 May, 1978] ’

[Text] Optimal spatial-time processing of signals is
considered in the general case, including the location
of the objects and external interference sources being
observed in both the far field of the receiving antenna
systems as well as in the Fresnel zone. Also analyzed
are the possibilities of utilyzing information on the
curvature of the wave front of signals and interfer-
ence to increase the precision in the determination of
the location of the observed objects, increase the re-
solving power of the system and discriminates signals
from interference generated by external sources.

Introduction

The basic principles of the theory of optimal spatial~time processing of
signals in determining the position of observed objects and the parameters
of their motion have been rather thoroughly worked out in the literature
[1,- 3], etc. However, specific results in this field have been primarily
obtained as applied to the special case where the wave fronts of the gignals
in the external interference can be considered planar, i.,e., the observed
objects and interference sources are located in the far field of the receiv-
ing antenna systems, something which is Justified only when the following
condition is met:
2
R& Ry =28

(1)

where R 1is the distance of the radiation source from the center of the
antenna; RAB is the radius of the far field; L is the overall dimension
of the receiving antenna system; 0 is the angle between the normal to the
plane of the antenna and direction to the source; A is the wavelength,

1
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The effort to increase the resolving power of radio measurement systems

and, relatad to this, the trend towards the use of large antenna systems
- and the mastery of increasingly shorter wavelengths, as well as the use of
_ diversity receiving systems [4, 5] is leading to the fact in a number of
cases, condition (1) is not met and it is impossible to consider the wave
fronts of the signals heing processed to be planar ones, T us, the basic
relationships derived for the case of plane electromagnetic waves are not
applicable to the analysis and synthesis of optimal spatial-time signal
processing algorithms in a number of radio measurement systems and the
theory of several such systems (multiposition radar systems [5], hyperbolic
radio navigation systems [6], etc.) are at times developed independently
of the general theory of spatial-time processing signals. This makes the
analysis of such signals difficult based on uniform methodological principles
of optimal reception theory, as well as the estimation of the closeness of
their characteristics to the potential achievable ones and the determination
of ways of optimizing them. What has been said above can also apply to
sonar systems., For this reason, an urgent problem is the generalization of
theory of optimal spatial-time processing for the case of the reception of
signals with both planar and spherical fronts, i.e., for the general case
of the location of the observed objects and external interference sources
in both the far field and the Fresnel zone of the receiving antennas!.

In this treatment, the electromagnetic field of the signal has an additional
parameter (as compared to the case of a plane wave), the curvature of the
wave front, which can be employed as a source of information. Foxr small
sized ("point") signal sources, the curvature of the wave front is uniquely
related to the range to the source. With suitable processing of the signal,
this allows for the realization of the following additional capabilities,
which are manifest more strongly, the greater the ratio of the dimensions
of the antenna system to the range to the signal and interference sources,
- and the smaller the wavelength:

—--The spatial resolution of the objects with respect to range, by virtue of
the difference in the curvature of the wave fronts of the signals generated
by them [2, 7, 8];

—-The discrimination of the useful signals from interference generated by
external sources, by means of selection based on the curvature of the wave
fronts [9];

——The determination of the range of "point'" signal sources based on the
curvature of the wave fronts;

1 por multiposition measurement systems, the antenna is understood to be
the set of antennas of all the receiving stationms.

2
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In those active radar systems, where the range 1s measured based on the
signal delay time, the'use of a supplemental independent information source
will permitzincreasing rhe precision of the range determination [10, 11,
12, 13, 14]%,

This paper is a survey of the basic principles and specific features of the
optimum spatial-time processing of signals in the general case, Including
the processing of both plane and spherical waves, and a brief analysis is
glven of the potential characteristics of such processing (resolving power,
= noise immunity, and precision in the determination of the location of objects).

This analysis is based on both published and new results. To simplify the
mathematical derivations, the treatment uses the example of a plane problem,

where the antenna system 1s oriented along one of the coordinate axes, while

the objects and interference sources being observed are located in the same

plane. The basic governing laws ascertained using the plane problem example -
are also justified when the objects and interfercnce sources being observed

are positioned in three-dimensional space, as well as for antennas of any

size (linear, planar, three-dimensional).

- The Ambiguity Function of a Space-Time Signal and the Spatial Resolution
Posibilities

A description of antenna systems and aignals, geometric relationships. An

antenna system with an overall dimension L and a center at the origin of

the coordinates is oriented along the Ox axis (Figure 1), The geometry of

the antenna system and the gain distribution in it are defined by the aper-

ture function I(x) [3]. Bagically, two forms of the functions I(x) will be -
considered: a function corresponding to a continuous linear aperture with

uniform gain |I(x)|2 = I when |x| < L/2; |1(x)]|2 = 0 when |x| > L/2 and the

n

discrete function |l(x)|’=}EP(x-xd, » where x4 are the coordinates of the

receiving elements. A continuous aperture for the case of reception in the
Fresnel zone is somewhat of an idealization, however, such a representation
of f(x) permits the derivation of the basic relationships in compact form,
while the numerical results, as calculations show, practically coincide with
the results obtained for an antenna array consisting of a large number of
isotropic elements with spacings between adjacent elements less than A. The
discrete function Ii(x)l2 is a sufficiently good description of an antenna
array of isotropic (nondirectional) elements with an arbitrary number of

2
Data on an active radar system are given in [15], in which the range

measurement is based on the curvature of the wave front and the informa-~
tion on the time delay is not used.

3
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Figure 1, Figure 2.

_ elements and arbitrary spacings between them, as well as of the antenna systems
of multiposition radio measurement systems under the same.conditions and with
relatively small antenna dimensions at the individual receiving stations.

Let the observed object take the form of a small (point) isotropic radiation
source, located at the point Mg with coordinates of R and 0, The form of
the signal radiated by the object (for the case of passive radar) or the
sounding signal (in the case of active radar) is defined by the expression:

(0=Re {5,(0) = Re (U () 1™}, @)

where ﬁ(t) is the complex envelope of the signal. If the sounding signal is
radiated from point O, then when there are no distortions in it in the pro-
pagation process and the corresponding normalizing of the amplitude so(t),
the spatial-time signal being processed has the form:

r(x) ™

: —a R R+r(x)\ e
s(t, x)=a,/(x) s(t Z )1 , 3)
where ¢0 is the random initial phase which is uniformly distributed over the
range [0, 2m]; r(x) is the range from the object to point x of the receiving
antenna, equal to

r(x)=r(x,R,0) =V R+ x*—2Rxsin 0, @

ap is the amplitude of the received singal at the point x = 0. Under the
same conditions, in the case of passive radar, if the time is read out with
respect tc the signal arriving at point O, the signal being processed has
the form:

8(t, )= a,/ (x) %)- S (t - M) 1o,

A

(5)
r(x) at values of the range R which considerably exceed the overall dimen-

sions of the antenna system L, can be approximately represented by three
terms of series (the Fresnel approximation):

: L
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xcost 0

r(x)=R——xsinG+-——§E—-+... (6)

The near boundary of the field in which the Fres- sl approximation can be used

is determined from the condition where A/16 does not exceed thé value of the

fourth term of series (6), and when O = Q, the fifth term of the series.
Lsin® L?]]1 — 5sin30

R2>R§nI=RM 9 R3>R%AQ=RM 16 (7)

The region of the locaticn of the objects being observed, Ren [Rpearl £
2R 2 Ryg [Rear £ieldls where it is necessary to take into account the
sphericity of the wave fronts and the Fresnel approximation can be used, we
shall call the Fresnel region,

The ambiguity function of a space-time signal. Let two observed objects
(signal sources) be positioned at points having coordinates of (Ry, ©1) and
(Rz, ©7). Taking formulas (2), .(3) and (5) into account, and neglecting the
lack of equality of the amplitudes of the signal at the different points in
the antenna system, something which is permissible when Rj,2 > L [16], the
range and direction ambiguity functions for the case of active and passive
radars will have the folluwing forms respectively [6]:

_ J liopen(LER=0=R e 2y Ry Ry
p(Ry, 6y, Ran 6, )" =

y L I(x) Pdx (8)

f |i(x):'6,(—"—‘—’?i-:cﬂ&)expi3;—’—(r.—R.—r,+R,)ax

(RO Ry B)= == (9

:f |1(x) pdx

where §;(t) is the normalized complex autocorrelation function of signal (2);
r; and rp are the distances from the signal sources to the point x of the
antenna system.

In (9), the argument 61 is the difference in the time shifts of the gignals
received by the antenna system at the points x and 0., For thé case of not
very large antenna system dimensions (or a rather narrow spectral bandwidth
Afo), the following conditions are observed

r,—R, n—R 1,
_Lc 2 — |c ‘«Kf:' pec=l (10)

and the ambiguity function (9) does not depend on the wave form of the signal
sg(t). We shall introduce the following symbols: AR = Ry - R2 1s the differ-
ence in the ranges of the objects being resolved; Rg = YRjR2 1s the mean
geometric value of the ranges. Then, in case directional resolution is im-
possible (01 = 02 = 0), taking approximation (6) into account, the expressions

2
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for the range ambiguity functions for active (8) and passive (9) radar can
be represented in the form

P(AR, Ry 6) =

A R xR My
T . R x*AR o [, AR | x2
li.'l(x)l‘pg (27:"" o cosze)exp/T( = + P cos? O)dxl
§ tionax
. p(AR, Ry, 8) = '
p( 0 0) 12) (12)

/F 11(x)Pdx.

As follows from (11), in the case of active radar, the resolving power with
respect to range is due to two factors:

C . ./ o/ 4
-I-Sll(x)l' Pe (ﬁ%cosﬂe)exp]-;(ﬁé—cos’e)dx

—-The resolution with respect to the delay time (time resolution), determined
by the 2AR/c term in the ﬁT argument (when (10) is met, the values of the func-~
tion §; are determined by this term alone);

—-The resolution due to the difference in the curvature of the wave fronts of
the signals (spatial resolution).

In the case of passive radar, the range resolving power is due only to the
spatial resolution. Formula (12) shows that the range resolving power due

. to the curvature of the wave front of the signals increases with an increase

B in the square of the ratio of the overall dimension of the antenna system L
to the distance to the objects being resolved Rg, with a widening of the signal
spectrum and a decrease in the wavelength. For a linear antenna of length L
with uniform gain, if condition (10) is met, (12) yields the following [2]:

PL(AR, Ry, 8)=C(Va)/V e, (13)

X

i‘l
where C(x)=5(:osn?dl 1s a Fresnel cosine integral, a = ==ARL?cos*0/(2\R}).

The graph of the function p1, (AR, Rg, 0), determined by (13), is shown in
Figure 2. The width of this function at the 0.5 level is determined by the
expression
ARos 2R 4 16 RYR
0,6 =2 T?2cost 0 $ . (14)

6
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Formula (14) shows that in systems with narrow band signals, resolution with
regpect to the curvature of the wave front can be effective only at ranges
significantly less than the far field radius of the receiving antenna system.
The latter condition is usually met for multipositior radio systems, In such
radio systems, the values of the range Rg are of the same order of magnitude
as the overall dimensions of the antenna system L [5]. In this case, the
range resolution interval runs to units or tens of wavelengths, i.e., an
extremely high spatial resolution can be achieved. The failure to meet con=
dition (10) leads to an additional improvement in the resolution with respect
to the curvature of the front,

Optimal Spatial-Time Processing and the Discrimination of Signals from
Interference -

We shall consider signal processing for the case of active radar with a small
isotropleally reradlating target, located at a point with coordinates of (R, 0)
(Figure 1). The following results, as applied tc the spatial processing of
the signals, are also justified for the case of passive radar for small radia-
tion sources. The signal (3) is received by the antenna against a background
of internal antenna system noise with a spectral density of Ngs which is un-
correlated at different points in the antenna system, as well as against a
background of noise generated by an internal, small isotropic source of
gaussian white noise, located at point M, having coordinates of Rp and 0.
The correlation functions of the internal and external interference at the
antenna input have the form:

R B“ (t‘, tz, x“ .x= == l;’ 5 (X| — .\'2) 6(‘1 band tz); B“ (“, ‘z, x‘i 'X;) =

- (15) -
. = N| — G(t‘-—-t,-—r"’ rnl)', DASR
Wnirnzirﬂ dx ¢

[Bpy = Binterna1] whére Nj 1s the spectral noise power density of the external
source in the antenna aperture; rpj and rp) are the distances from the noise =
source to the points xj and x) of the antemna system, determined from (4).

Signal processing algorithms. When receiving spatial-time signals with a

random initial phase against a background of gaussian noise, the absolute

value of the correlation integral of [1] is taken as the output of the optimal
(in the sense of a criterion of tha probability ratio) sigral processing system:

1 . . -

Z='§'55u(t,x)0(t,x)dtdx » (16) -
() (L) :

where a(t, x) is an additive mixture of the signal and interference; G(t, x)

is the reference signal which determines the signal processing algorithm;

(T) and (L) are the time and space intervals, in which the signal processing
is accomplished. The reference signal is defined by the relation:

7
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é(‘l x)_‘I’ ‘Le“. (A A X‘):‘“‘p\'l) dlldﬁ. (17)

where s(t, x) 1s the useful signal, while o(t, t1, X, X1) 18 the {nverse
correlation function of the inter*erence, defined from the integral equation:

[ § 00 txu r) B 5, ) e, m Bt = )5 5, (18)
(}21}

L

where B(t, t1. x, x)) = Byy(t, t, x, x1) * Bp(t, t1, X, X;) 1 the correla=
tion function of the interference at the antenna input, For a linear antenna
with uniform gain, the reference signal which satifies equation (17) assumes

the form: 2R RN
é("x) N; ‘m)-‘o(l ¢ ) ii1+]i0 ’\)(x)‘. f;’(x:)d‘, X
- ) w
- R . R r(x)) = ra () + 10 (x)
*| - e,
, w .

and for the i-th receiving element of a discrete antenna system (antenna array):

;,,“,..,g;[g;(,_ﬁ;)-ga..fa(f-&m;am)]. a0
el

n -]
mme%—Mkmm+m2f].

fe=1

The first terms on the right side of expression (20) and (19) describe pro-
cessing matched to the received useful signal (3). 1In the following, we shall
call spatial-time proceusing using such a reference signal matched processing.
This processing is optimal only in the absence of noise generated by an external
source. With matched processing, the antenna system is "focused" with respect
to range and direction. The second terms in (19) and (20), subtracted from the
first, provide for optimal compensation of ex: irnal interference, The essence
of optimal spatial-time processing in the presence of internal and external
noise is more clearly seen in the case where expansion (6) can be used, and

the signal ie a narrow band one in the spatial-timewise sense (the correlation
time of the signal 1/af. 1s many times greater than the maximum value of the
time shift between the signal values at the extreme points of the antenna
system). For the case of range values which exceed the overall dimensions of
the antenna system, one can neglect the inequality of the amplitudes of the
signals at different points in the antenna. Then formula (19) assumes the

Foem: ‘.’("’)‘Wg,' ('J(t—g)eh('-'g) {ﬂp[h’o(&:‘g_%)]—

— BT b1 (R R.e)up[l%(ﬁ%g“-—%'iﬂ“)]}-

. (21)
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t
Vhere P (R Ry 8,8 -1 f exp {I-%f»[x(slne,—-slne,)-—
i

; - _xi'. (% - eos;:a )]} e (22)

The expression which defines the form of the reference signal for the antenna
array is determined on analegy with (21), substituting %4 for x. It is not
difficult to see from (21) that with spatial-narrow band signals, time and
spatial processing are separatedt the factor in front of the curly braces
determines the optimun timewise processing of a signal, and the expression

in the curly braces determines its spatial processing, which reduces to the
matched spatial processing of the useful and interference signals, and the
subtraction from the results of the first operation of the result of the second.
The subtraction 1s carried out with the weighting factor N16y, (Ryy Oy, R, 0)/
/(Ng + N1), defined by the mutual positioning of the target and the noise
source, as well as the relationship of the external and internal noise inten~
sity. Where several external noise sources are present, matched spatial pro-
cessing should be carried out for each gource, just as in (19), with weight=-
ing coefficients which depend on the relationship of the intensities of the
noise sources and their mutual arrangement [9). Usually, the coordinates and
intensities of the noise sources areunknown beforehand, and for this reason,
they should be determined by the processing system in the process of generating
the reference signal. The design of such processing systems is possible by
means of using the principles analyzed in (2, 17].

The suppreseion of noise genarated by external sources. The effectiveneas
of the suppression of noise generated by external sources can be evaluated
in terms of the signal to noise ratio at the output of the processing systenm.
The power signal to noise ratio for the case of spatial-time signal process-
ing 18 equal to {1]:

q‘--;—l S Yi(:.x)fy(:.x)dfdx .
i X (23)

To estimate the level of external noise suppression, we shall introduce the
following coefficients:

k=g/e} 1= '
where q2 is the output signal to noise ratio for the case of optimum process-
ing of a signal with aspherical front against a background of internal and
external noise; qan is the same for the optimal _prucessing of a signal with
a plane wave front under the same conditions; qa applies in the absence of
external noise. The coefficient k indicates the degradativn of the output
signal to noise ratio by virtue of the presence of external noise; the coef-
ficient I is the level of suppression of external noise through the use of
information on the curvature of the wave fronts.
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In the optimal processing of narrow band signals in a linear antenna of length
L, formula (23), taking (21) into account, yields the following [9]:

N .
kul—m“",(km.em&e“.' ‘u(l'*'%)k' (25)

The values of the coefficients k and I aze shown in Figures 3a and 3b (the
80lid 1lines) as a function of y = Iﬁ%l-—£$|. y where Rp., is the far field
radius of (1), for the case where the angular coordinates of the noise source
and the target coincide (Op = 0), and gating of the external noise is possible
only through the difference in the curvature of their wavefronts. As follows
from Figure 3, with a significant difference in range between the signal and
noise sources (y >> 1) k = 1, 1,e., the external noise can be suppressed almost
completely. In this case, the advantage gained in the signal to noise ratio

as compared to the case of processing a plane wave I is approximately equal

to the ratio of the spectral densities of the external and internal noise at
the antenna aperture. The gain falls off in step with a decrease in the curva-
- ture of the wave front.

It was noted above that the realization of optimal spatial-time processing

of aignals where external noise sources are present is rather complicated.
Por this reason, it is of interest to assess the possibilities of suppressing
external noise for the case of simpler (from a design viewpoint) matched
processing, In this case, the coefficients k and I are defined as:

N
ke .0 =14 N
Ny +,16, (Re, 80 R, 6)F (147 “

The values of k and I with matched processing for the case of Oy = 0 are
shown in Figures 3a and 3b by the dashed line. A comparision of these curves
with the curves for the case of optimal processing shows that at extremely
small (y = 0) and extremely large (y > 20) curvatures of the wave front,
matched processing provides for upproximately the same degree of external
noise suppression as cptimal processing, while in intermediate cases (1 < y <
< 20), optimal processing is more effeuctive,

Figure 4 illustrates the suppression of external noise for the case of optimal
spatial-time processing in multiposition radio systems, where the number of
receiving points is small, while the spacings between them are >> A, The curves
are plotted for the case where there is no gating with respect to direction
(6, = ©), while the noise source is located in the far field (y = Rgge/R).

The dashed lines apply to a three-position system (x; = -0.45 L, x3 = 0,

x3 = 0.55 L), and the solid lines apply to a five-position system (x; =

= -0.45 L, x3 = =0,2 L, x3 = 0, x4 = 0,25 L, x5 = 0,55 L). The curves in
Figure 4 attest to the fact that in multiposition systems, the input signal/
noise ratio expressed as a function of y = Rgg/R 1s of an oscillating nature.
An increase in the number of receiving positions leads to a smoothing of the
oscillations,

10
FOR OFFICIAL USE ONLY

APPROVED FOR RELEASE: 2007/02/08: CIA-RDP82-00850R000100030044-9



APPROVED FOR RELEASE: 2007/02/08: CIA-RDP82-00850R000100030044-9

FOR OFFICIAL USE ONLY

For the case of active radar:

o,’,u‘;%g- 4(%).[1 + —2@:‘:—;)- (cos’O-}--{—:g- +%‘zsln'6)+

‘ -l
+Té‘l%rcos'6(7-3l slnie)]-i- %ﬁcos‘el . (28)

In formulas (27) and (28), 12 and Lz are the noymalized second and fourth
moments of the square of the aperture functionsll(x)l2 (1, 3], determined

N by the geometry of the antenna system and the gain distribution in it; qa
is the signal/noise ratio; ¢ 1s the speed of lighe; H% is the square of
the equivalent width of the signal spectrum, defined as the second central
moment of the spectrum., The formulas are derived using the approximate ex-.
pansion (6), . .

curvature of the wave front, the measurement error
as follows from (27), is proportional to the wavelength
A and the square of the ratio of the range R to the
0t overall size of the antenna L, and the error depends
N reo slightly on the spectral width of the signal. Shown
- 104 P\ in Figure 5 is the normalized dispersion of the range
measurement as a function of the ratio L/2R for a
af‘ 07 ‘#4W linear antenna of length L, with a uniform gain dis-
0 tribution, and for an equally spaced antenna array of
the same length consisting of three elements where
("3/“0)2 <« 1,

%&2 For the case of range measurement based only on the
[ c;I

nl)

Figure 5,
In active radar, for the case of optimal spatial-time
processing of the signals, the range is determined by
means of the joint utilization of the information on the delay time and the
curvature of the wave front of the signals. To estimate the influence of
wave front curvature information on the precision of range measurement, shown
in Figures 6a and 6b are the ratio of the dispersions of the range estimate
for the case of optimal spatial-time processing of the signals (oﬁ) and for
the case of measurement based on the delay time (oﬁo) for a linear antenna of
lengeh 1. (Figure 6a) and for an aqually spaced antenna array of the same
length (Figure 6b). As can be seen from Figures 6a and 6b, the use of wave
front curvature information permits a substantial increase in the range measure-
ment precision when L/R > L/Rpound © 2/n3/w0.

For example, with a relative spectral width of My/ug = 10'6, the influence of
the Information on the curvature of the wave front begins to have a substantial
effect at ranges of Ry & 103L. An analysis of Figures 4, 5 and 6a shows that
for ldentical values of the output signal/noise ratio and identical overall
dimensions of the antenna, the range measurement precesion when using "dis-
persed” antenna arrays is higher than when using antennas with a continuous
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Based on the values of the signal/noise ratio at the output of the processing
system cdmputed from formulas (19)-=(23), the probability of detecting an
object by means of the wyll-known detection curves can be determined, In this
case, it 18 necessary to consider the fact that at small values of R/L, an
increase in the range resolving power by virtue of resolution of the curvature
of the wave front leads to an increase in the number of resolution elements

in the scanning field, and consequently, to an increase in the false alarm
probability.

- Determining the Position of Objects and Their Parameters of Motion

The possibility of determining range based on the curvature of a wave front
arises with spatial-time processing of signals with spherical wave fronts.

In passive radar systems, this is the sole primary source of information con-
cerning the range; in active radar -,stems, the information on the wave front
curvature can be employed in conjunction with the information on the delay
time of the signals to increase the precision in determining the location of
objects, and in some cases, it can be used independently [15). For the case
of interference in the form of gaussian white noise, which is not correlated
at the different points in the receiving antenna system, as well as for large
signal/noise ratios, the precision in the estimation of the range R using
the maximum probability method is characterized by the following expression:

For the case of passive radar

=l + -

11
FOR OFFICIAL USE ONLY

APPROVED FOR RELEASE: 2007/02/08: CIA-RDP82-00850R000100030044-9



APPROVED FOR RELEASE: 2007/02/08: CIA-RDP82-00850R000100030044-9

FOR OFFICIAL USE ONLY

aperture, and becomes higher the smaller the number of elements of the array.
However, for large values of L/A, a reduction in the number of elements of
the array can lead to ambiguity in tho measurements which can be eliminated
‘by means of expanding the spectrum of the signal being processed. The re-
. quirements placed on the signal spectrum to eleiminate measurement ambiguity
in the angular coordinates when using "dispersed" arrays in the general case
of the positioning of the objects being observed do not differ substantially
- from the requirements which are set when the objects are located in the far
field of the antenna array. ‘The ambiguity phenomenon of range measurements
arises in the spatial-time processing of signals with a spherical front. It
can be shown that ambiguity in the range measurement can arise when receiving
signals with a linear, equally spaced antenna array containing n elements,
where n < [1/4] (Rgg/R + 3). The ambiguity is eliminated 1if the signal spec~
trum width Af, meets the condition:

n—2 (L 2
At /ly > T(n_—-'ﬂf(ﬁcose) . 29)

6:/62 o} /o7, s ,
Mg l N\hxi0* :r/ Sonm 12 /2%)

08\ “[Topt
(1 \ 2% \ \ 22 . ;/n;ﬂ*é
aé o
\ \\ e % 7 4%

0 20
- Y 0 s ok w2 s ro;z SOk 0. Q2 QLR
(a) ¢ (b}
Figure 6. Figure 7,

981\

[n paper [11}, the potential precision in the estimate of coordinates is
analyzed for the case of an antenna of any size. A comparison of the results
obtained in this paper for a circular antenna, with those results given above
for a linera antenna shows that for the case of equal overall size, the ad-
vantage gained in precision by virtue of using information on the wave front
curvature is approximately the same for both antennas.

An analysis of the precision in estimating the angular coordinate of an object
In the general casec shows that when receiving signals with spherical wave
fronts, the potential precision of the determination of directions is practical~
ly the same as when receiving signals with plane wave fronts.

Ignoring the wave front curvature in spatial-time processing of signals can
lead to a substantial degredation of the signal/noise ratio and the range
meiasurement precision, Thus, when R = 0.02 Rpg, the signal/noise ratio falls
off by tens of times [11}. The range measurement precislon, as a result of
failing to take into account the information contained in the curvature of the
wave front, for R = 25L and L/A = 100, decreases by ten times when My/ug =

= 10-3 and by 100 times when Ma/wg = 10-6 [18].
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- The potential possibilities for increasing the accuracy of multiposition
radio systems operating in the Fresnel zone can be illustrated by means of
comparing the precision of range measurement in a range difference (hyper-

. bolic) radio naviagation system [6] and in a system with the same arrange=-
ment of the receiving stations, which carries out the optimal spatial-time
processing of the signal. Shown in Figure 7 is the ratio of the dispersions
of the range estimate 02 in a two-base hyperbolic system with receiving sta-
tions at the points x; = L/2, Xy = 0, x3 = «L/2, and in a system which realizes
the optimal processing of the signals received at the same stations: ag t
(ofi was determined on the bagsis of the relationships given in [6], and Ehe
values of o% t were determined from formula (29) twice. It can be seen from
Figure 7 tha@ the precision which can be attained in hyperbolic radio naviga-
tion systems 1s extremely for from the potential accuracy obtainable with
optimal coherent processing of the signal,

The relationshipsggiven above were derived with the assumption that the signal/
noise ratio is rather high, and the range estimate is reliable, i.e., the pro-
bability of anomolous errors is neglectibly small, ' With small values of the
parameter R/L, the resolving power with respect to range increases sharply by
virtue of the resolution based on the curvature of the wave front, and con-
sequently, the probability of anomolous errors also increases. In this case,
higher values of the signal to noise ratio can be necessary to assure relia-
bility of the estimate than is true of the case of range measurement based
only on the signal delay time. An analysis of this phenomenon is given in

the literature [19], the results of which show that for gignal to noise ratios
of 95 & 20, the increase in anomolous errors must be taken into account at
relatively small values of the range (as compared to the dimensions of the
antenna system) and at a relatively small signal spectral width (for Ma/wg =

= 10-3--10~4 when R < (1--3)L, for N fug = 10~5--106 at R < (10--30)L. In
many cases, the measurement systems should determine the parameters of object
motion, i.e., the derivatives of the coordinates, along with the coordintes

of the objects. The potential accuracy of the joint estimation of the coor-
dinates and their derivatives for the case of spatial-time processing of sig-
nals in the general case was investigated in [12], where it was shown that
taking the curvature of the signal wave front into account has practically no
influence on the precision of the simultaneous estimation of the angular co-
ordinate and its derivative, With the simultaneous estimation of the range
and its derivative, the potential precision of the estimate of the radial
velocity in the Fresnel zone when using signals without frequency modulation
is the same as for the far field, and for signals with frequency modulation,
can be substantially higher. This is explained by the fact that for FM signals,
the cstimates of the range and velocity are correlztdd.due to the specific de-
pendence between the frequency and time shifts for these signals. In deter-
mining range, the use of the information on wave front curvature, which is not
related to the signal time shift, simultaneously boosts the precesion of the
range cstimates and weakens the correlation between the velocity and range
estimates. For this reason, increasing the precision of the radial velocity
estimate 18 more important, the smaller the R/L ratio and the narrower the
signal spectrum.
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The expressions given above, which were derived for the general case of the
positioning of the targets and the noise sources, includes as a special case,
the relationships described in the literature for spatial-time processing of
signals with plane wave fronts.

Conclusion

Thus{ based on the analysis carried out above for the main features and the
- potential characteristics of spatial-time processing of signals in the general
case, which includes the processing of both plane and spherical waves, the
conclusion can be drawn that with spherical waves, it is possible to achieve
a higher resolving power, noise immunity and precision in the radio system,
When estimating the capability of achieving these potential characteristics,
along with the difficulties of the engineering design for coherent processing,
it 18 necessary to likewise consider the fundamental limitations placed due
to radio wave propagation conditions and the characteristics of the radiation
- of the objects being observed, These factors can degrade the system charac-
teristics as compared to the potentially possible ones cited above, but cannot
completely eliminate the advantages which result from information on the cur-
vature of the gignal wave fronts.
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BLECTRONICS AND ELECTRICALENGINEERING

UDC 537.862:621.385.6

THE SYNCHRONOUS EXCITATION OF THE PRIMARY HARMONIC OF A FIELD WITH A
PERIODIC STRUCTURE BY AN INCIDENT NONRELATIVISTIC FLOW

Kiev 1VUZ RADIOELEKTRONIKA in Russian Vol 21 No 11, Nov 78 pp 109-113

[Article by G.A, Alekseyev, A.Ya. Kirichenko and V.I, Mikhaylov, manuscript
received 14 Nov, 1977)

['fext] The problem of exciting a flat periodic structure
of the "comb" type with a wide, premodulated electron flow,
incident to the surface of the structure at a large angle,
is analyzed. The condition for the synchronous excitation
of spatial harmonics is also analyzed for the case of the
sequential interaction of the electrons with the trans-

- verse component of the electric field. The theoretical
analysis is carried out within the framework of a speci-
fied current level procedure, The possibility of synchro-
nously exciting the primary harmonic of the resonant field
of the comb with a nonrelativistic electron flow incident
at a large angle is experimentally confirmed.

The Interaction of electron flows with the higher spatial harmonics of the
field of a periodic structure, or relativistic electron flows are usually
cmployed to overcome difficulties in the scale modeling when designing O-type
mlcrowave generators in the shortwave band [1]. The trends cited here are
due to the fact that with electron excitation of distributed electrodynamic
structures, as a rule, the motion and bunching of the electron flow in the
dircction of wave propagation are usually employed i.e., in a longitudinal
dircction, while the interaction of the electrons is realized with the long-
itudinal component of the electric field [sic].

llowever, the transition to operation at the higher spatial .

- harmonles of the field leads to a considerable degradation of the energy
exchange between the electron flow and the high frequency field, due to the
sharp reduction in the coupling resistance. In stcp with the shortening of
the wavelength of the generated wave, difficulties also arise which are re-
lated to the necessity of guiding intense electron flows close to the periodic
structure, parallel to its surface.
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One of the methods of overcoming these difficulties can be the use of syn=
chronous electron excitation in O-type devices of waveguide distributed
systems wlth an aggregate of charges which are phased modulated in the direc-
tion of wave propagation, where these charges move transversely with respect
to the system, and there is a short term local mechanism for their inter-
action with the transverse component of the electric field. Various config-
urations for the use of such sequential interaction of electrons with the
high frequency field to excite electromagrutic waves were proposed and ana-
lyzed in the literature [2 = 6].

In particular, the synchronous excitation of a plane periodic structure can
be accomplished with a wide premodulated electron flow, where the generated
bunches are incident to its surface at a specified angle (Figure 1),

The synchronous excitation condition, working from which the optimum value of
the angle ¢ = ¢g 18 defined, 1s in this case the condition of equality of
the velocity of the intersection point of the surface of the structure with
the front of the incident bunch ,and the phase valocity vnm of the excited
m-th spatial harmonic of the field at a frequency of nu:

e 1
S, — onm: )

Here v, is the electron velocity of the flow; w 1s the modulation frequency.

The velocity ve/singg, defined in [3] as the phase

velocity of the sequence of particles, and in [5]

as the velocity of the electron wave crest, because

of smallness of the angle ¢q can be chosen rather

large. and even exceed the velocity of 1ight in a

\ vacuum. In this case, as noted in [5], there arises
\\ the possibility of the interaction of electron flows

Y&&&X with fast electromagnetic waves., When using periodic

tructures though, there also arises the possibility
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of their excitation at the primary spatial harmonic
(m = 0) at a nonrelativistic velocity of the elec~-
trons ve and at rather high values of the phase ve-
locity vpo.

nﬁfn @ The case of the synchronous excitation of the pri-
mary harmonic of the field of a periodic comb type
structure with a wide, incident, premodulated elec-
tron flow is treated in this paper.

Figure 1.

An approximate theoretical description of synchronous excition, as applied to
the configuration of Figure 1, can be serived within the framework of a speci-
ficd current level procedure.
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Por the 1, component of the current, bunched at a frequency of nw in the
drift space, following velocity modulation in the gap of a toroidal reso-

nator with a voltage Usimnwt, for an arbitrary slope angle ¢ of the generated
bunches, one can write:

Ing{x, 2, ) =21/, (nX)coqucosn(mt—eo). (2)

where ig is the linear current density at the input to the modulator; j, is
a Bessel function; X = pdg is the flow bunching parameter; 6g 1s the aper-
ture angle. For the configuration considered here:

B x, 7)== w(d‘+ztgi—X)mv , )

where d) is the distance from the periodic structure to the modulating re-
sonator at the cross section z = 0, The parameter yp characterizes the ve-
locity modulation level of the flow and is defined by well known expressions
from kinematic or electron-wave analysis. When taking into account the action
- of space charge forces in the direction of flow travel, the parameter u is

equal to: v sin [ﬂ:)& (dy + 2tg @ — x) cos q’]
(]

L +2lgo—x)oose @)

where M 1s the parameter of velocity modulation; w, is the plasma fre-
quency; Ug = (1/2) (m/e)v% is the accelerating voltage.

In the case where ¢ = O, expressions (2)-- (4) correspond to the unidimen-
sional theory of electron flow bunching in the drift space. For the m-th
spatial harmonic of the resonant field of a comb type periodic structure,
the interaction with which is considered here, one can use the expression:

Enpa= — b (2) €™ it (nat — B,z — o), )

- where By = mw/vyps Egm (z) 1is the amplitude of the field harmonic at the
level of the igteraction system; Vo 1is the constant phase shift with respect
to the voltage’in the resonator gap.

By making use of the slowness of the change in the function Jp (nX) in the
range Ax = 1/8,n (with the condition mg << w), which is important for the
integration, and by working from the linear naiure of the rise in the ampli-
tude 3, (z) with an optimum phase shift of ¥g = (awdy /ve) + w/2), one can
derive the following approximation for the interaction power:

L dy4-atgo
P.z jf in:Enmz dxdz~ — lgEgm (L)J" (nX,) X
[]
- sinB,mpL Bam (6)
x BampL no \ )
' nm f2,+ ('v—') cos? @
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here, Ig = igL cos¢ is the total beam current; Xy is the bunching parameter
of the flow in the plane of the periodic structure at z = 03 p = 1 -
= (Vym/ve) sing is the desynchronization parameter.

It can be seen from (6) that the optimal conditicmns for the interaction of
the ¢lectron flow with the spatial field harmonic are realized for the case
p =0, 1.e., when condition (L) is met. In this case, the electrons inter—
act In sequential fashion with the high frequency field, and there is syn=
chronous excitation of the structure.

By equating the quantity Pg to the flow of power in the transmission line
Pam = (Egm)Z/ZB%mKnm, where Kyn is the coupling resistance of the spatial
harmonic at the frequency nw, we obtain the following expression for the
amplitude of the field in the section z = L:

Bl (L) = 2Kl (X)) — o 7

R e

vl

An analysis of (7) taking into account the coupling resistance K . as a func-
tlon of the number of the spatial harmonic shows that due to the rapid de-
crease in Kyp with an increase in m, interaction with the primarly field
harmonic is more effective (for the case of a fixed velocity ve) where
Ve << vy, then interaction with a higher spatial harmonic (m # 0) when

~

Va * Vnme

In fact, the ratio of the coupling resistances at the primary and higher
spatial harmonics is given by the expression [7]:

nol \3
v?_sin
Kom _ nm 20pm
Ko "\ .. nol |
U”o sin ——-—20" (8 )

where I is the period of the structure.

It can be seen from a comparison of (8) and (7) that with an increase in m,
Knm falls off faster than the latter factor in (7) increases in this case,

The spacific features of the synchronous excitation of a comb type periodic
structure with a wide incident electron flow, as applicable to the configur—
atlon of Figure 1, were analyzed experimentally. The beam width in the =z
dlrection was 47/B,0. The angle of incidence ¢ = $0 was chosen at 17°, The
exelted microwave radiation at a frequency corresponding to the fourth time
harmonic of the modulating signal (n = 4) was registered by a detecting re-
celver. The distance from the modulator to the comb dy at the cross-section
2z = 0 was chosen so that the amplitude of the i, current harmonic was maximal
In the plane of the periodic structure,
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Figure 2, Figure 3,

. The amplitude of the output signal is shown in Figure 2 as a function of the
) level of the accelerating voltage Ug for various values Ig. It can seen from
the I'{gure that the experimental function Eqng (Up) 1is of a nonmonotonic
nature with a number of maxima and minima. The primary voltage maxi{mum cor-
responds to values of Ve at which the optimal value of the angle ¢g is found
close to 17°,

It can also be seen from Figure 2 that the radiation intensity at the pri-
mary maximum depends on the current level, something which is in agreement
with expression (6). The position ofthe primary maximum is shifted in the
direction of higher accelerating voltages with an increase in Ip, something
which 1s related to the nature of the change in the function Jn (Ip) as a
function of the space charges density.,

The dispersion function of the position of the main maximum, which is shown
in Filupre 3, confirms that operation 1s realized at the primary spatial

- harmonle of the field (m = 0). The vertical straight lines in Figure 3 de-
plet the experimental data. The solid curve represents the dispersion of
the comb, which was obtained by calculation, while the dashed 1line represents
the dispersion of the hot system when excited by a flow parallel to the sur-
face of the periodic structure.

The tnvestigations carried out here confirm the possibility of the effective
exceltatlon of a periodic structure with a premodulated incident electron flow.
In this case, it proves possible to excite the periodic structure at the pri-
mary spatial harmonic, without turning to an increase in the accelerating
voltages or using relativistic electron flows, To excite the primary spatial
harmonic of the field of the comb used in this experiment by an electron

[low moving parallel to the surface of the structure, an accelerating voltage
an order of magnitude higher would have been required,
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The synchronous excitation of periodic struccures with a transverse flow of
electrons can prove to be useful in both the design of generators (for ex-
ample, frequency multipliers), and in the study of electrodynamic structures
with retardations close to unity.
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ELECTRONICS AND ELECTRICAL ENGINEERING

UDC 621,396,669
POSTDETECTOR STORAGE IN SIGNAL DETECTION CHANNELS
Kiev IVUZ RADIOELEKTRONIKA in Russian Vol 21 No 11, Nov 78 pp 114-118

[Art?clu by Yu.L. Mazor, manuscript received following revision 3 March,
1978

[Text] The noise immunity of a typical signal detection
chahnel with power and logic types of postdetector storage
for the case of the reception of a weak radio or noise
pulse against a background of steady-state noise. Quanti-
tative estimates of the efficiency of the systems con-
sidered are derived.

Postdetector storage in a typical detection channel (preselector--detector=-
low pu:s» [ilter==threshold gate) can be realized both ahead of and after the
threshold gate. A block diagram of a detector with prethreshold (power)
storage is shown in Figure la, and with postdetector (logic) storage, in
Figurc 1b. The latter has the advantage that the storage is carried out
with the minimum possible volume of information: when the threshold is ex-
ceeded, standard pulses are summed.

(A>’ (3 © (D) @ ® W @ (cism)‘ () ()
[acto{mo}¥ 4 [Hom{ s}k m-mmm

a
(a) (b)
Fiugre 1. Blcck diagrams of a typical detection channel with power storage
(a) and with logic storage (b).

Key: A. AS [antenna system];
B. PR [preselector];
C. D [detector];
D. FNCh {[low pass filter];
E. NE [power type storage device];
F. PU [threshold gate];
g. NL [logic type storage device].
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The noise immunity of detuctors with storage was treated in [1, 2, 3] as
applied to the reception of a pulse train; in this cage, the optimum number
of pulses “a determined by working from the minimum requisite power of the
pulse traln, In a number of detection problems (for example, in the case

of passive radar), another formulation is of interest: finding the gain in
the noise immunity of a system with storage as a function of the number of
storage cycles, from which both the optimal as well as the minimum possible
(effective) number of storage pulses can be determined. As far as is known,
no comparative asgessment of tha noise immunicy of typical detector channels

P with power and logic storage has been made in this formulation.

Working from this, given below is a compatative analysis of the noise immu=
nity of these systems in probability terms when detecting weak signals, where
it 18 expedient to use and there is the possibility of reception with storage.
The case of the reception of a radio pulse or a noise pulse against a back-
ground of steady-state nolse is studied.

We shull consider a channel with power storage. We shall make the following

ansumptions: PR 1s an ideal bandpass filter with a passband of Af; D {is

a bilateral square-law detector; FNCh is an {deal integrator with a switching
interval of T. As was shown in [4], for sufficiently weak signals, y << 1,

and for a rather large product

AfT >> 1

the signal to noise ratio at the output of the low pass filter is

(8/n)g = (c/o)e=V BTy,

where v is the ratio of the signal power to the interference power at the
output of the preselector, -

Following the storage device, in which N-tuple addition is accomplished with
a time shift equal to the apriori know= ==v#:1 r2 1t signal repetition,
assuming constancy of the amplitude of the pulses within the 1imits of the
storage time:

(s/n)s = (¢/n)y=V N (c/n). Q1)

Assuming the distribution at the input to the threshold gate to be normal,
one can find the correct detection probability (VPO) of a channel with a
power type storage device:

Prow = OV NAIT y — arg O(1 — P,,)), (2)

x
where the probability integral 18 @(Z)e l)?;‘.e ’dx.
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a Ppy [Pey) 18 a specified false alarm probability (VLT).

From this, for a detector with power type storage with specified false alarm
and correct detectio probabilities:

(P, arg ®(1 — P,
Yoo arg SmnE;NAS ( ) . 3)

By working from formulas (2) and (3), an expression can be derived for the
gain 4in the correct detection probability of a channel with power storage

as compared to a similar detector without storage for the case of equal ratios
of y and the false alarm probability:

| Prtm o OV NATTy —atg O(1 — Pp))
& , Pw IP,,,-emt. . G[VA77;v—ff8°(l—Pq)l ' (4)

YetOns! .

(B, =8B J, as well as an expression for the gain with respect
to"fhe :R?E%ﬁoié°§2§ios for the same correct detection and false alarm
probabilities in the same comparison circuit:

" =VN.
Yas [Proemconst VA (5) !
P gpmconst

] Qo

The first approach (4) is of interest in working with an object at a constant
distance, and the second (5) 18 of interest when working with a moving aignal
source,

The characteristics of the advantages gained, B . and Q,,, as a function of

the number of storage cycles N for various vayw‘s of ghe falso alarm pro-

bability are shown in Figure 2. When calculatir : Bps for each false alamm

probability using formula (3), those values of * re used which at N =35 !
provide for a correct detection probability for che case of power storage

of 0.9,

We shall consider the noise immunity of a detector with postdetector storage,
which performs a "no less than M of N" logic operation, where M 1s the
number of storage cycles where the threshold is exceeded. In this case, we
shall assume the assumptions made above are still in force, In the special
case of M = N, in a channel with logic storage:

Pnu-P"n

) (6)
= Poour == Plo = (O[V BT y — srg © (1 — Pr)})",

N -

26 "
FOR OFFICIAL USE ONLY

APPROVED FOR RELEASE: 2007/02/08: CIA-RDP82-00850R000100030044-9



APPROVED FOR RELEASE: 2007/02/08: CIA-RDP82-00850R000100030044-9

FOR OFFICIAL USE ONLY

[nt = Calse alarmy Hn = logic storage; nO = correct detection], where Ped
and Pp, are the correct detection and false alarm probabilities in a de-
tector without storage, A8 can be seen from expreagsion (6), P cacl.g, €

€ Pgys by virtue of which the threshold can be lowered in the Seteccion
channel and a gain obtained in the correct detection probability. 'Thus, the
gain in the corraect detection probability with respect to a channel without
storage, for the case of the same false alarm probabilities and a specified

Yt VP!
P (OIVETy—arg (1 — /B,
B — TR
[ ~ e VT
Bnlﬁ’i.’ ol :
» : -~
10} a 3 4
of / ] /:;;,;éé’ﬂ
o 2 51
(5 TIZ

W & /'/
' ’ , P

2 3 4 Nt 2 _5 0 nN
a ¢

Figure 2. The gain characterisrics when P
storage = Poyng) (N = 5) = P
storage = Pcdgs] (N=5)= 0.8?
bability, with power storage:

[P, correct detection, power
[P, correct detection, logic

M0ua
1
a. In the correct detection pro-

1. P, = 10-5; b. In threshold ratios:

2, Pgp = 1073, 1. With power storage;
With logic storage: 2, With logic storage,

3. Pgg = 10°5; Pea = 10-5;

4 Pgg = 10-3; 3. With logic storage,

Pfa bad 10-31
[Hn = logic storage; H3 = power

storage].

An expression can be derived from formula (7) for the ratio y of a detector
with logic storage for specified correct detection and false alarm probabi-
lities:
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g ®()/ Py ) o~
- .o..):-arc( ,/P;). -

hnn = y, logic storage], from which che gain in the threshold ratios as
vompared to a channel without storage for the case of the same correct de=
tection and false alarm probabilities ist

Q"-,ll = B8O (Pro) 4 arg O(1 == Py
L) ‘;M:. A O(y/ Po) o+ g @ (1 = 3/ Ppy) (10)

The gains By, and Q14 are shown in Figure 2 as a function of the number of
storage cycles N for different values of the false alarm probability, The
calculation of the ratios y for the By, (N) characteristics, which when

N = 5 provide for a value of P43, = 0.9, was carried out using formula (9).

1n the general case M # N, on the basis of the theorem concerning the repi-
tition of trials of the falee alarm and correct detection probabilities in
a channel with logic storage:

) NeM
Pururmm E c#-o-lpﬁ-ﬂ“ - p”)N-QM+0. Q1 l)

Pun-"gcﬁ“ {O(V AT y—arg (1 — Pe)]}M* x

X (1= OV &y —arg® (1 — Pa)))*~449, (12

Where Pg, 18 the false alarm probability in a detector without storage; c§}
is the number of combinations of N with respect to M.

The gain in the correct detection probability over that of a channel without
storage, for the case of same false alarm probabilities and specified ratios
of y, amounts to:

NeaM
Prou (Zc%“* (O[V &y — arg®(1 — Pei)}™** x
[~

e by vl
Ptonst

xu_-onfm-,-ugou-p...m"“‘“*")/owmv-arwu-p..)l. a3
where P q is the false alarm probability which can be found from the equation

il N—gM-+0
2 PR — P = Pen (14)
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The galn in the threshold ratios, Qigs 88 compared to a channel without
storage, for the case of the same correct detection and false alarm probahi=-
1ities, ecan be computed from the family of detection characteristics (12),

In which the value of the false alarm probability equal to P,y (14) is
substituted,

The gains Vi, and Q1g are shown in Figure 3 as a function of the number of
storage cycles where the threshold ia exceeded, M, for various values of
the parameters,

i

I 8w
4]

LZNN BN an 2 R B AL vad

Figure 3, The gain characteristics for the case of storage with "no less
than M of N" logic where N = 5; AfP = 105;

a. In the correct detection probability where y = 0,01;
Pga = 10-6;
b. In threshold ratios y when P4 = 0.9;
1. Pgy = 10-4;
2, Pfa = 10-3;
3. Pgq = 1072,

Thus, a comparative assessment of the noise immunity of typical detection
channels with storage permits the following conclusions:

-=Typlcal detection channels with power storage (Figure la) have a substantial
nolsce immunity advantage over channels with logic storage (Figure 1b);
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==The analytical expressions derived for the gain in the noise immunity,
Bog (N), Byg (N), Quy (N) and Qg (N) and the graphical functions (Figures
2 and )) can be uaes to determine the optimum number of storage cyecles;

==A characteristic feature of the curves for Qo (M) and By, (M) when
Nf- const, (Figure 3) is the presence of a maximum at the optimum ratie
[+ M to N,
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BLECTRONICS AND ELECTRICAL ENOINEERING

UDC 621,372,54,037,372
PROCESSING A SIGNAL WITH A RANDOM DELAY USING A DIGITAL MATCHED FILTER
Kiev IVUZ RADIOELEKTRONIKA in Russian Vol 21 No 11, Nov 78 pp 123-124
{Article by I.P. Knyshev, manugeript received 18 November, 1977)

[Text] A received signal, which is processed in a digital matched filter
(TeSF), has a certain delay, This delay is proportional to the range to the
target in the case of a radar system, or to the spacing between the trans-
mitter and the receiver in the case of an information transmission system,
The receilved signal can be written as:

& (A7) e (T +1,,),
where x(nT) {a the transmitted signal; taan (tde1] 18 the delay time,

The size of tyes can be expressed in terms of the quantization interval P
as

tdel - NOT + £T ’
where Ng 18 an integer and ]| < 0.5,

As shown in [1], a delay by an integer number of quantization intervals does
not influence the shape of the output signal of a digital matched filter,
but rather leads to a shift in this signal by the same time interval NqT.

- 1L I also Indicated in this same paper that a delay by a time less than the
quant{zation interval leads to mismatching of the pulse response of the dig-
tul matched filter and a decrease in its maximum.

Thus, the delay ET causes a degradation of the output signal to noise ratio,
The amount of the loss in the signal to noise ratio can be found from the
reductfon in the amplitude of the digital matched filter responses

0= - W

N
7O = D 50T+ I 2(nT =D = RN
where =

sponse to the delayed signal, where m = 0,

is the digital matched filter re-
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N
(0w ;:M’)x(m'l‘—mukm

18 the response of the digital matched filtef to a signal without a delay,
where m = 0,

Consldering the fact that y(0) is the autocorrelation function of the signal
x(nT), and y'(0) can be treated as a shifted autocorrelation function, ex-
pression (1) can be represented as!

nm-%' (2)

Expression (2) permits finding the losses as a function of the delay or as
a function of the system parameters, based on the known autocorrelation
function,

Thus, for a signal which is the discrete analog of a linear FM signalt

.(nn-ml!%‘pnl]' 0ogagH, 3)

where T, [T4] is the signal width and W is the width of the deviation
bandwidth, the autocorrelation function has the following form:

RN e —-—-r,-——dn (%"'T: NT) o {""’ T e (N = nn). (%)
' dn(—é'-: ) o

1f it is assumed that losses are maximal at the maximum mismatching of the
readouts of the signal and the filter response (§ = 0.5), and also taking
into account the relationship N = IB, WIy = 2nB, Py = NT and exprassion
(4), or the size of the losses (2) can be represented as:

[} n
! o
The graph of the maximum losses as a function of the digitization interval
is shown in Figure 1, where 1 is the maximum losses vpax, and 2 are the
average losses Vavg* Figure 1 attests to the fact that to obtain low losses,
it is nccessary to select a rather high digicization frequency. The v&lue
of this frequency should be more than twice as high as the upper value of
the frequency deviation Gygger 2 W)

The delay £T can be treated as a continuous random quantity with a zero
average value and a probability density p(f) = 1/T. Consequently, the
size of losses is also a random quantity. The average value of this quan-
tity can be defined as [2]:

osr 0.7

Mavg = o= nmpmm-ﬁ% S"R(mm. (6)
-0.8T -
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zaa‘dB
Expression (6) permits the determination of the average
. : value of the losses in a system or the selection of the
8 values of the parameters based on the known autocorrala-
\\ tion function.
s—XN!
J . ‘\\ Thus, for signal (3), which has the autocorrelation
I N ) function (4), the average size of the losses is equal
- to
0
12 3 hdrfwr | 05n8 +0.03125a‘
_ fayg = Mep = 1= g8~ "ot (7
Figure 1,

Shown in Figure 1 (curve 2) is the size of the aver=-
age losses (7) as a function of the quantization
interval, As was to be expected, the size of average losses is substantially
less than the maximal losses.

Depending on the specific requirements placed on a system, the size of the
digitization interval can be chosen based on the maximal or the average
logses. :

Expression (2) or (6) can serve as a criterion for the choice of a signal
which provides a minimum of losses from the random time of signal arrival.
The optimal signal in this case will be one with a minimal change in the
value of the autocorrelation function in the range [-0,5 -~ 4+0,5]T.

Where necessary, in accordance with the general procedure of [2], other

characteristics of the random size of the losses can also be found (the
dispersion, probability density distribution),
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THE NOISE IMMUNITY OF THE OPTIMUM DETECTION OF FLUCTUATING SIGNALS IN NOISE
OF AN UNKNOWN LEVEL

Kicv IVUZ RADIOELEKTRONIKA in Russian Vol 21 No 11, Nov 78 pp 124-127

[Article by K.K. Vasil'yev, manuscript received following revision 10 Nov-
ember 1977]

[Text] The problem of the incoherent detection of packets of pulse signals
against a background of normal noise with an unknown dispersion is frequently
encountered in the design of radio systems. In many cases, this problem is
effectively solved using a contrast procedure, which consists in processing
two independent samples from the envelope of the input process. One of them,
{xsi}g.l, can contain the useful signal, while the second, {x01)¥_1 is a
graded teaching sample in the region of the interference [11.

The application of the maximum plausibility method [2] and the empirical
theory of [3] for the case of samples of equal volume M = N), has permitted
the finding of tne most uniformly powerful empirical rule (RNMN) for signal
detection [2, 3]. :

The results obtained earlier can be extended to the case considered here for
samples of different volumes. In this case, the RNMN rule for the detection
of a signal with a random amplitude is written in the following form: there
is a signal 1if:
ymA A>T
1

N M .

where **™ zl"’: h—z’l‘ﬂ; ; v is a constant defined by the specified false
> -

alarm probability.

The noise immunity of the resulting optimal procedure (1) is analyzed in

this paper as a function of the number of signal positions N and the number
of reference interference readouts M. In this case, it is assumed that the
distribution density of the probabilities for the readouts {xgy} and {xg1}
can be represented by the following expressions where the useful signal is
present:
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. » M

(%) m n W(x,) H W (%) = n w (%)
[ (]

whére P(l..j"l*.;/(i'l's)"‘l‘xp [~ x3i/208 (1 + )} is the law governing the distri=-

bution of the probabilities of the envelope of the sum of the normal noise

and a signal with random amplitude; S is the ratio of the signal power to
the noise dispersion o?; W (xy) == (x;,/03) exp (— x,/20%).
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Figure 1,

To find the power function for rule (1), we note that the squares xgi and
xai of the readouts in the regions of the signal and interference have an
exponential distribution. For this reason, the statistics Ag and yg obey
a gamma distribution, and consequently, the random quantity z = y/(1 + S)
has a Fisher z-distribution: w(z) = I'(M + N)zN=1/r(M)P(N) « (1 + z)MN,
where T'(e) is the gamma function of [5].

In this case, the detection algorithm power function for (1) can be expressed

in terms of a complete B(N, M) and an incomplete Bq(N, M) beta function [4]
in the following manner:

B =1 - BN, M)/BN, M),

where qw6/(1+6); 8=y/(1+S).

For calculations on a computer, it is convenient to represent this relation-
ship in the following form:

N—1
1
b= T rer T X &
lme

_ We shall determine the level of the threshold signal S from the condition
B(s, y) = D, where D 1is a specified correct detection probability. 1In -

this case, we find the constant y from the specified false alarm probability
_ B(s = 0, Y) = F.
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The threshold signal levels are shown in Figure 1 as a function of the number
of analyzed signal positions N for various ratios of v = M/N sample volumes
in the regions of the noise and asignal when ¥ = 10-2 and 104, and D = 0.5
and 0.9,

As can be seen from the Figures, the threshold signal level decreases with
an increase in the relative number of interference readouts v, When v + »,
the effectiveness of the algorithm considered here coincides with the case
where the optimal procedure Ay 2 v is used for the detection of fluctuating
signals in noise of a known power. A decrease in the volume of the sample
in the interference reglon leads to losses in the threshold signal, which
are caused by the aprlori unknown noise level, In this case, the amount of
the loss with respect to the case of a known dispersion increases both with
a decrease in the specified false alarm probability and in the case of a
shortening of the length of the pulse packet.

To compute the effectiveness for a large number of analyzed signal positions
N, it is expedient to make use of the following approximate formula,

v — {
_ 2 0'5—0 ————" 1
°o(’)-ﬁ50‘°'“‘du, P '(VW Vv6'+|)
where , which is found for the conditions of

a gaussian distribution of the statistics Yg = YAQ.

In this case, the simplest expression is successfully derived for the
threshold signal level 1f D = 0.5. Then § = Sma+aVF v+ Iya,  where
a = x%/(M - x%); xp is the normal distribution quantile at the 1-F level
(Table 1).

Table 1

———

’ o=t [ 10=2 ] 10=3 | 10=4 | 103 | 08 | 108 | 1010

3 1,26 | 2,33 |3,09]3,72 4,25|4,75 5,621 6,38

Analysio shows that rthe relationships given here approximate the S(N) func-
tion considered with an error of less than 5%, 4f N > 50, By way of illu-
stration, characteristic curves (the dashed 1line), computed taking the
approximate formulas into account, are shown in Figures la and 1b.

We shall make use of the criterion of the asymptotic relative effectiveness
(AOE) of algorithm (1) and the optimal signal detection rule for the case

of completely known interference parameters to compare the signal processing
procedures when N + o, In this case, the the AOE can be computed from

the following formula [1]):
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where No and N are the number of analyzed signal positions for the optimal
algorithm and the algorithm considered here respectively; mi{y} is the math=-
ematical mean value of the statistic y when the useful signal is present;
of 18 the dispersion of y when § = 0,

i LDy MO LNy

taking into account the well known expressions for the moments of the Figher
z=distribution [4], 1t 18 not difficult to find the following formula for
the size of the AOE;

By calculating:

=T

The derived expression provides the possibility of rather simply determining
the requisite increase in the length of a pulse packet as a function of the

- number of reference readouts M, which allow for the obtaining of additional
information on the interference dispersion. As calculations show, the asymp-
totic formula found here approximates the precise relationships with an error
of less than 5%, if N > 500,

Thus, as a result of the analysis made here, precise and approximate formu-
las were derived which are needed to estimate the noise immunity of optimal
detection of packets of fluctuating signals in noise with an unknown disper=
sion.
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THE REFLECTION OF A QUASTICONTINUOUS SIGNAL FROM THE SURFACE OF THE EARTH
AT SMALL GRAZING ANGLES

Kiev IVUZ RADIOELEKTRONIKA in Russian Vol 21 No 11, Nov 78 pp 133-135

|Article by L.F. Vasilevich and N.A. Vinogradov, manuscript received 14
December, 1977)

[Rext] 1In studying groundreturns, a statistically rough surface is usually
employed as the model of the reflecting area [1]. In this paper, this surface
s treated as a filter with randomly changing characteristics. Such an
approach permits the use of the well developed tools of parametric systems
theory.

We shall write the veflected signal in the form of the sum of the returns
from the elemental areas:

N
vo= 3 Xe quopeu—rpar um 202,
b=}

where K(t, ty) 1s the reflection factor of the i-th reflecting area; AD is
thesize of an elemental area, within the bounds of which one can consider

the reflection characteristic to be constant; ¢ 4s the propagation velocity
of the radio waves; Q(¢i) 1s the shading function of [1]: Q(94) -Q(uuln&-)'
¢y 18 the grazing angle; hy is the height of the antenna. d /]’

It is usually assumed that the signal reflected from an elemental reflector
does not Influence other signals. It was noted in [2] that the setting of
conditfons which define the mutual influences of the elemental reflectors
does not produce any marked change in the results.

Taking this Into account, one can go to the limit where At + 0 and N - e

| . .
vO= [ Q@rt vre—na,
Yoalr
where g and Tmax are the delay limts of the reflected signals; k(t, 1) =
- -‘lm 5.(%.:‘_) 18 the pulse characteristic of the reflection of the surface
segment.
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If n pulsed signal with an amplitude A and a period Ty [Tp] 18 used as
the sounding signal,

M
2{f) = 2 A(t=mT\) exp |=[20) (t = mT}),
M|

then the reflected signal assumes the form:

mex M

Y= S zQ(t)h(t-»mT,.t)A(t-—mT.,—t)eva—M“—"ﬂ'n—ﬂW'

Tnin Ml
Let another set of elemental reflectors be located at a certain distance
D2. The signal reflected from it will be:

Tonax
i) = S QOA (=0, ) 2(t =0=1)dr,

L)
where

When computing the correlation function (KF) of the reflected signal, it is
necessary to consider the statistical characteristics of the roughness of

the reflecting surface, Taking this into account, we write the correlation
function in the form:

Rt orm (0, My (0o, 09 W, (b, b i,

where Wy(hy, hy) 1is the two-dimensional law for the distribution of the
heights.,

The assumption that the distribution of the heights of the points of the
reflecting surface is close to a normal distribution is substantiated in
(1, 3, 4). Considering Wp(hj, hy) to be normal, following several cumbersome
transformations, the correlation function can be reduced to the form:

w

2
R(t, v) ms by SS Y By g Ut — v hy) exp l— (-‘Ai 0, cos @) t=p (")l}d'ndhv
-l
whero oy, 18 the SKO [expansion unknown] of the surface heights; ¢ is the
prazing angle; A is the wavelength; p(h) 1is the correlation function of the
surface heights; and k; 1is a proportionality factor.

[t Is noted in [3] that an exponential correlation function of the heights

1s the one most frequenctly chosen, since when it is used, the dependence

of the reflection characteristics on frequency is taken into account. However,
it was demonstrated in [2) that this correlation function corresponds to a
signal which does not posses the property of regularity at the origin of the
coordinates, and for this reason, cannot be used for estimating the surface
properties at this point. It should be noted that the experimentally obtained
correlation functions likewise differ from the exponential ones close to the
origin of the coordinates. This particular feature must be considered when
estimating the parameters of the reflected signal,
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It Is sometimes assumed that the signal reflected from the ground is a

steady-state process, howaver, it was noted in [4] that the nonsteady-state
nature of the background plays a substantial part.

_ We shall employ a locally steady-state process, which yields good results
when studying actual phenomena, as a model here. The correlation function

of such a process has the form:
Rt.0)m Ry () Ry )= Ry (L) R, 0y - ),

L+t
wvhere R, ""‘R*( 2 ) is a multiplying factor proportional to the

nonsteady-state dispersion; Rp(v) = Ry(t} - t2) 1s the correlation function
of the steady-state process.

When irradiating a section of the ground surface, there occurs averaging of
the reflected signal in both space and time. '

The spectrum of the signal which is averaged in space within the limits of
the resolvable area can be treated as either instantaneous or of short dura=-
tion [5]. 4o

Sy U, o) = 5'?(!.0)::?(—!?«!041.

Within the limits of the width of the directional pattern with respect to

the clevation angle, for the case of grazing propagation, the pulses of a
quasicontinuous signal are reflected immediately from several gsections, which
are scparated from each other by a range AD = cTPIZ. Of substantial interest
for the signal studied here is the spectrum when averaged over several repi-
tition periods (the current spectrum of [5]):

s
Sl f.)-‘{S..u. 0)do, )
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vhere 1y, is the storage time.

To estimate the shape and width of the current spectrum, experimental
studies were carried out and calculations were performed on a computer,
The experimental results are shown in Figure 1, where fg = 1010 Nz, 7y =

- = 1 psec, Yo = 2%, q = Trep/Ti» while the calculations are shown in Figure 2,
where £q = 1010 Hz, Tyap = 330 Kiz, T4 = 1 psec and Teopy = 5 Hsec. Here,
Sp(f, ty) = const., when |f = fg| < 104 Hz,

An unalysis of the resultant data attests to the rather good agreement of
the computed and experimental results,

The limitations of a correlation function in the form of an exponential one
were noted above, To specify the results in the expression under the integral

sign more precisely for integral (1), an additive regularizing operator was
introduced,
@(t, a) = a | (exp (~/4nfl) = 4t/ exp (—2n/0)) d!

(o is the regularization parameter of [6]). The operator w(t, a) was computed
by a variation procedure. It should be noted that without the introduction
of the operator w (tr, a), strong oscillations of the spectrum appear at fre-
quencies which are multiples of the repetition rate.

Thus, the calculations performed here allow for the following conclusions:

1) The spectrum of a quasicontinuous signal reflected from a section of the
earth's surface, contains a marked coherent component, and in terms of its
characteristics, approximates the gpectrum of a reflected continuous signal;

2) This effect is manifest at small grazing angles of the beam, and apparently,
is related to a reduction in the pulse volume of the number of reflectors,
which make the most substantial contricutions to the resulting signal,
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MODELING THE PROCESSES IN A SELF-OSCILLATING SYSTEM WHICH IS ACTED UPON
BY A REFLECTED DELAYING SIGNAL

Kiev IVUZ RADIOELEKTRONIKA in Russian Vol 21 No 11, Nov 78 pp 137-139

- [Article by V.G, Lysenko and A.R. Mileslavskiy, manuscript received follow-
ing revision 17 April, 1978]

{Text] The problem of studying a self-oscillating system, which is acted
upon by a reflected delaying signal arises in a number of engineering ap-
plications [1]. Such systems have been called autodyne systems. Despite
the Fact that considerable literature has been devoted to autodynes [1 - 4],
several questions are far from completely worked out.

Little attention has been devoted in the literature to studying the process-
es in an autodyne for the case of large levels of external input which are
comparable to the gelf-oscillations, The goal of this paper is to partially
£111 in this gap. The problem of the behavior of an autodyne system at high
reflected signal levels is not only of theoretical, but also of practical
interest, since in solving it, one can, in the first place, find the limit
of the applicability of linear theory [1 - 3], and secondly, answere the
question at which parameters is external synchronization of an autodyne im-
possible. was shown in [4], the presence of synchronization leads to a
substantial freduction in the doppler component in the spectrum of the output
signal of the autodyne, i.e., to a disruption of the operability of the de-
vice.

_In approximating the static characteristic of an active element with the

function i(u) = Sju - S3u3, an autodyne system can be described by a non-
linear differential equation with a delaying argument:

Pz (1) — ey [1 — &8 ()] px (1) -+ w03x (1) == kd03x [t — < (), )

which when k = 0 coincides with Van der Pol's equgtion. Here p 1is the
differential operator; x(p) = [383Ry/(isY - 1)]1/2y(t) 1s the normalized
voltage; Ry 18 the controlling resistance of the generator; € = B(SlRy - 1);
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o and wg are the attenuation and resonant fraquency of the tuned eircuit;

k 1s the ratio of the amplitude of the external force to the amplitude of
the self-oscillations (k < 1); t(t) is a variable delay due to the relative
motion of the autodyne and the objects being studied,

Precise analytical methods of solving equation (1) do not exist, even for
small values of k. In this work, equation (1) was studied on an MN=-18M
analog computer, in accordance with the structural configuration shown in
Figure 1, vhare the dashed line encloses the electronic analog of the self-
oscillating system. The remaining part of the circuit, which contains five
integrators, saven multipliers and five adders, takes the form of a variable
delay block, the parametric transfer function of which has the form [5):

19,4=7,63c(Npf-t4(Np?! 8495041 1 (f) p¥
$0.0 = BT E 0 F AR RIS 2

A linear function of t(t) (dr/dt << 1) was used in the modelirg, something
which corresponds to a uniform relative motion of the autodyne and the object.
The delay t(t) was placed outside the differential operator sign in (2),
something which, as analysis shows, does not lead to substantial errors,

Transfer function (2) provides for the greatest value of the parameter
WTmax = 7.44 at a specified phase error (0.1 rad) as compared to other
vell knonw approximations of an ideal delay network [5], Thid permits ob-
serving the solution of equation (1) in a time segment which {s at least
equal to one period of the doppler frequency R = wydr/dt.,

The operator S(p, t) can be realized by means of two series connected stages
which have identical transmission coefficients., The method of implicit func-
tions [6] was employed when selecting each of these coefficients on the ana-
log computer. Operational amplifiers, looped by negative feedback through
capacitors with a small capacitance play the part of integrators with a high
gain [6] (Figure 1).

The results of the modeling for two levels of the reflected signal, k = 0,3
and k = 0.9 are shown in Fiugre 3a, b (wg = 27, wp/Q = 100). A drawback

to modeling based on the entire equation (1) is the fact that it is impos-
sible to observe its solution over several periods of the doppler frequency,
For this reason, a second modeling stage was carried out, based on truncated
cqations found from (1) by conventional methods. We will note that the
results of both experiments are in qualitative agreement,

It can be seen from Figure 2a, b that the voltage across the tunded circuit
of the autodyne takes the form of an amplitude modulated signal, The fre-
quency of the modulation, and this is extremely important, almost does not
change with an increase in the level of the reflected signal k., When k ¢
< 0.1--0.3, the law governing the modulation is close to a harmonic one.

(]
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Thug, Lt can be assumed that the lineat theory of an autodyne is justified
in the given ease up to values of k % 0,1=-0,3, With an increase in k, the
modulation level increases, approaching 100%, and in this case, the law
governing the modulation differes from a sinusoidal one. However, this
difference is small and will have practically no effect on the normal func=
tioning of the low frequency processing circuitry,
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Figure 2,

It follows from the modeling results that even for large levels of the re~
flected signal (k = 0.9), the system does not go into synchronization. We
shall deal with this question in more detail.

We shall establish the relationship between the delay time t(r) = 2r/c
(r 1is the distance; c¢ is the speed of 1light) and the time constant T (),
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wileh characterizos the rate of the processes during synchronization and _
determines tHe time for establishing a asynchronous moda, We shall make use
of the well khown formula of [7] to estimate T, (r):

Ten= g (722)", (3)

where v 1s the efficiency of the resonant clreudt; Pyaq 18 the power radiated
by tlie autodyne; Pap 18 the power of the received signal, The proportion=-
ality factor between them in the near field has the form [1):

P g2 .
A ()

where A 18 the wavelength; G, 4s the antenna gain; Np 18 the coefficient
which takes into account the losses with reflection from the object being
studied, and is usually equal to 0,3--1,

Taking (3) and (4) 1into account, we obtain

t(1)/Telr) = 0,5 OqU.'N.. 5)

It can be seen that neither the range r nor the working frequency of the
autodyne wp enters directly into (5).

It follows from relationship (5) that 1if an antenna with a gain of G, << 1/¢
is employed in the autodyne (this is the most widespread cagse in practice),

then 1 << T¢, and there can be no synchronization in such a system. This 1is
explained by the inertia of the synchronization process itself, and i3 con-

firmed, in particular, by the results of analog modeling.
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GEOPHYSICS, ASTRONOMY AND SRACE

UDC 550.831.01
CORPUSCULAR MODEL OF GRAVITATION AND INERTIA
Moscow PRIKLADNAYA GEOFIZIKA in Russian No 87, 1977 pp 92-106
[Article by K.Ye. Veselov]

[Text] The corpuscular model of gravitation and interia described is based

on the familiar concepts of Lomonosov and Le Sage regarding the mechanism of
gravitational interaction and on inferences from the special theory of rela-
tivity. In it is hypothesized the existence in an entire space of particles
which travel chaotically at an enormous speed and penetrate all bodies, losing
in the process only a very moderate portion of their momentum. Such a space
is called a gravitational vacuum. Bodies in a gravitational vacuum, because
of mutual screening [4], will be attracted according to the inverse square
law. The vacuum will also exert resistance to a change in the state of motion
of a body, 1i.e., will create inertia.

- In the corpuscular model is discussed not a formal transition from one inertial
system of reference to another, but a transition through accelerated motion,
the energy of forces, and modification of the mass of bodies. The corpuscular
model of gravitation and inertia explains satisfactorily, quantitatively and
qualitatively, three familiar effects of the general theory of relativity, and,
in addition, secular and seasonal variations in the length of the terrestrial
day and shortening of the year. It can also be enlisted for the purpose of
explaining many geological and geophysical effects.

In the corpuscular model the following limitations are imposed on interaction
between the vacuum and bodies.

1. Particles in the gravitational vacuum possess a steady state of chaotic
motion with a maximum rate of propagation of physical interactions of ¢ .
With linear and uniform motion, between the bodies and the gravitational
vacuum an exchange of momentum 1s carried out and on average the condition of
dynamic equilibrium is fulfilled. If a single body is at rest or moves through
inertia, then the force of hydrostatic pressure is exerted on it, balanced by

- the body's internal forces. Then work is not performed. Dynamic equilibrium
is accomplished in the exchange of momentum between the vacuum and body; in
the vacuum an inhomogeneity exists (a gravitational field), characterized by
the existence of an equilibrium exchange.
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With linear and uniform motion, neither the gravitational vacuum nor the moving
bodiea pain additional momentum. Over sufficiently long intervals of time

and space, the following equality is fulfilled (over a short interval it can
also not be fulfilled):

d
pobpe=0, G =0,

where p, 4is the impulse particles of the gravitational vacuum impart to the
body, nné P, is the impulse of the body imparted to the gravitational vaccum.

This equality means that if external forces are not exerted on the body, then
= it either 1s at rest or it moves without acceleration. The linear and uniform
motion which has already originated is not evidenced in any manner.

2. With acceleration of the body's motion under the influence of an external
force or under the gravitational influence of bodies on one another, the
dynamic equilibrium in the exchange of momentum between the bodies and the
gravitational vacuum is disturbed because of the fact that it is restored not
instantaneously, but at a rate not greater than the speed of chaotic motion
of the particles of the gravitational vacuum.

In the process of an increase in the body's traveling speed, particles of the
vacuum are captured by it. ‘The more the body accelerates, the more particles
will be captured by it and the greater the increase in the mxternal impulse
required in order to change its speed. 1In this case the energy of external
forces results in a change in the mass (energy) of the body:

(%?— As) 22 AA = Ame3,
' (1)
where dp/dt 41s the external force; p 1s the external impulse; m 1s the

mass of the body; A 1s the energy of external forces; c 1s the speed of
light; and As 1s the increment in the path.

Equation (1) can be rewritten thus:

i

LUy %

dA )

If the body moves in the direction of the effect of the external force,
then the inertia can be expressed via the derivative of the mass in terms of
g :

d? _ g.éﬂ. .
Fengg =g

3)
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In this way it 1s possible to explain the origin of inertia and the increase
in mass with a change in the speed of the body. Here the increases 1in mass,
Am , are maintdined inthe body even after the cessation of the force's
influence in subsequent motion through inertia. Work can be petformed on
account of the inertial momentum of another body or on account of the tmomentum
of the gravitational vacuum. The firat type of interaction is called inertial,
and the second gravitational.

Inertial interaction takes place when the momentum of inertial motion of one
body 48 tranamitted to another via some type of interaction (e.g., gravitational
or electromagnetic). Here one body can lose its mass, and the other acquire

the same amount, or they will acquire it in one interval of travel and lose it
in another, borrowing it from the vacuum and giving 4t back to it. Their mass
will change as a function of the sign of the energy, in keeping with equation
(1). Here the sum of masses will remain unchanged for the entire interval of
the path and interaction period.

Gravitational interaction takes place when two or more budies are present in
the vacuum, These bodies will mutually screen movements of the particles of
the gravitational vacuum. If they are immobilized, dynamic equilibrium 1in
exchange 18 established, dp/dt = 0 . And if not, then dynamic equilibrium

is disturbed, the bodies will move toward one snother under the effect of

force F = dp/dt and work will be performed, AG = (FAs) . Furthermore, any
work on the part of forces of the gravitational vacuum (field), be 1t accelera-
tion or inhibition of inertial motion, will result in an increase in the body's
mass, since it is performed because the body acquires momentum from the

vacuun,

Obviously, acceleration of the body on account of the absorption of momentum
from the vacuum will be slighter, the greater its speed relative to the vacuum.
A body traveling at the speed of the vacuum's particles, even, cannot accelerate.
In keeping with the above, the equation for the increase in mass with gravita-
tional interaction will be as follows:

L1y VAL

3 3 '

Am =2

4)
where v 1s the body's traveling speed.

The increase in mass on account of gravitational interaction will equal zero
when the work of the forces of the gravitational field equals zero and when

the body travels at the speed of 1ight. Since the mass of the body depends

on the body's speed relative to the vacuum, in equation (4) speed v should
be measured in the same system of reference in which the body's mass is mea-
sured.
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Thus, the interaction of bodies in the vacuum amounts to the fact that bodies
can acquire or impart momentum to the vacuum's particles, or through the
vacuum impart their own inertial momentum to another body. In gravitational
interaction, bodies always pick up momentum from the vacuum, and, consequently,
energy, too. In inertial interaction, momentum and energy can both be picked
up from the vacuum and be imparted to it. In the inhibition of inertial motion,
the radiation of energy into the vacuum should be observed, and in acceleration,
- on the other hand, the absorption of it by the body from the vacuum. In this
connection, it becomes necessary to extend the laws of conservation to the
vacuum. If a body having inertial momentum travels in a vacuum in the presence
of other bodies, then its mass will change:

(5)

or

dm dG T, dA
o ==|7‘-‘—| Vl"? o
(6)
where A i1s the work performed on account of the inertial motion of another

body or system of bodies, and G 4s the work on account of the gravitational
vacuum.

Equations (5) and (6) are approximate, since the relative influence of the
increase in masses has not been taken into account in them.

Let us consider two cases of the interaction of bodies.
The first case: Two spheres, A and B, are traveling along a single straight

line passing through their centers. In sphere B there is a through opening,
ab, freely admitting the other sphere (fig 1).

4 B
-o-— 2§

Figure 1. Interaction of Two Bodies Traveling Along a Single Straight
Line
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Depending on the ratio of speeds and masses, theae bodies, having met, can
separate foraver or can form a system of bodies performing vibrational move~
ments relative to a certain point moving inertially, The velocity of this
point will be determined by the result of adding the momenta of these bodies,
and the mass of each body will chenge as a funetion of whether its inertial
motion is accelerated or slowed down. In subsequent vibrational motion rela-
tive to the center of inertia, these masses will change. Let us consider the
motion of these bodies in a system of reference releting to their center of
inertia. At one stage in travel, the bodies, because of gravitational inter=-
action, will travel, under acceleration, toward one another right up to the
instant their centers coincide. In the next period their inertial motion in
opposite directions, because of gravitational interaction, will be retarded
until their speed becomes zero. Then follows attraction of the bodies, and
the like.

In the process of this motion, the mass of both bodies will increase on

account of gravitational interaction, in keeping with equation (4). 1In addition
to this, in the interval of the path when the motion 1is accelerated, the
direction of acceleration is in line with the direction of movement of the
center of inertia, and the body's mass increases, and when the motion is

slowed down, the mass is reduced in keeping with equation (1). To the extent
that the mass of one body increases, the mass of the other body will be re-
duced. In body A, on account of inertial and gravitational interaction with
body B, the mass will change in keeping with the equation:

am .| Aw V""‘czl AW
—— g2 | —— e [ e ey
n I3 [ 1]
- 1€))

dm_ _ m dw”/_'ﬁ m_dw
dt | di -+
(8)

Here the mass, m , and the speed, v , are determined in the system of reference
relating to the system's center of inertia; W is the potential created by
body B. Since AW = (v5/2) sin (2n/T)At , then equation (7) will have the form:

2 —_—
Am Y 21 3 a.
'# = -:5%- (Isin i ;\r, VI——:,— -} sin—.l—-.‘- M) ’
(9

_ where t 18 the period of travel of body A, T is its complete vibration
period, and Yo is the maximum speed of body A.

Thus, if the body were to perform vibrations relative to the center of inertia,
then on account of gravitational interaction its mass will increase for the
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duration of the entire period (the first term on the right side of equation
(9)). On account of inertial interaction (the second term), the mass will
increase and be reduced and remain unchanged for the entire period (if the
effeeta)of gravitational interaction for the same time are not taken into
account) .

The second case: Bodies A and B travel so that, as the result of gravitational
and inertial interaction, the path of movement of body A is perpendicular to
the line of the attractive force of body B, Then because of the fact that

the work of the forces of the gravitational field equals zero, the increase

in mass will also equal zero. But this motion became possible as the result
of a combination of the inertial motion and motion caused by the gravitational
attraction of body B, In this case motion takes place in such a way that with
the passing of time the conditions for motion under the influence of the force
of attraction do not change, as the result of which dynamic equilibrium is
established for the momentum gotten and imparted by the body. But with pre-
servation of the constancy of the speed vector in terms of magnitude, its
sense changes continuously, since at each point the momentum picked up proves
to be directed toward the attracting body. As a result, the effects of the
force of gravity boil down to twisting of the path without the performance of
work, in keeping with Newton's law, and, consequently, without an increase in
manss.

The angle of deflection of the speed vector during period At 1is determined
by the equation:

t
Aw--—‘-:—-aln ¢,

where g 48 the acceleration of the force of attraction in orbit, and a 1is
the angle between the directions of acceleration of the force of attraction
and of velocity v .

The mean angle of deflection of the path will be twofold smaller:

t
A@u%- sina,

(10)

In motion in a circle with an attracting body at its center, the angular
velocity will be constant.

As the result of combination of the inertial traveling speed of the center of
inertin and the speed of uniform travel along the circle around it, the re-
sultant motion will take place with a linear velocity of variable magnitude,
work will be performed, and the mass of the body will change. If body A is
much smaller than body B and it travels along a circle around it and the

- vector of the inertial speed of the center of inertia lies in the plane of
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the ‘path of travel of body A, then the increase in the mass of body A can
be datermined approximately by the aquation (£ig 2):

Am ) -
= g =i sinwl,

where v, 4s the linear velocity of body A, v, 1B the traveling speed of
the centér of {nertia, w = 27T , and T 48 thé period of rotation of body
A,

Figure 2. Travel of Body A Along a Circle Around Body B:
- v,~-1linear velocity of body A; v2-—speed of center of
inertia; v--resultant speed

When there 1s an angle B between the plane of the path of travel of body A

and the sense of the inertial speed vector, then the relative increase in mass
can be determined by the equation:

An

vyt
— = ~L2k cos psin ot

(11)

Thus, in this case gravitational interaction results only in twisting of the
path, and {inertial interaction will be accompanied first by a positive and then
by a negative growth in mass. In a complete revolution of body A the growth

in 1ts mass will equal zero.

The actual motion of the planets of the solar system takes place in ellipses,

which can be considered a combination of the two cases described here. When -
bodies travel along parabolas and hyperbolas, their masses increase on account

of gravitational interaction. But as the result of inertial interaction, in

the end result the growth in masses will equal zero.

Thus, the properties described above, of a corpuscular model of gravitation
and inertia, are based on the following main assumptions:
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1. The particles of a gravitational vacuum have a critically high traveling
speed, which cannot be exceeded hy the speed of physical interactions and
rate of information propagation,

2, In inertial motion dynamic equilibrium is accomplished in the exchange of
momentum batween bodies and the vacuum.

3. Accelerated motion of a body relative to the vacuum is accompanied by
the tranasfer of momentum from the vacuum to the body and, vice-versa, from

E the body to the vacuum, and:by the transfer of momentum from one body to
another.

Furthermore, any work of forxces is accompanied by a change in the body's mass.
An increase in the body's mass is accompanied by the absorption of momentum
from the vacuum, and a reduction in it, on the other hand, by radiation of it
into the vacuum. Therefore, for the corpuscular model of gravitation and
inertia, the laws of conservation must also cover a gravitational vacuum.

In the corpuscular model there inevitably exists a system of reference relating
to the vacuum. Acceleration (increase in mass and absorption of the vacuum's
particles) and retardation (reduction in mass and radiation of momentum into
the vacuum) are discussed in relation to the vacuum. The very assumption of
the existence of a critical speed for physical interactions is an acknowledge-
ment of the fact of this system's existence. It is possible to hypothesize
that the existence and travel of the bodies themselves owe themselves to the
vacuum, and that wken the bodies reach the critical speed the conditions for
their existence disuppear [4,5]. But the actual motirn of bodies is deter-
mined in relation to an arbitrarily selected system of reference. Therefore,
an increase in mass can be found only in relation to the mass of the state

of motion of the body in the system of reference in relation to which the
work or increase in momentum are computed. The sign of the increase in mass
can be determined from non-inertial effects, such as the change in the rate

of inertial rotation, the change in the body's weight, and the like.

Effects of the Corpuscular Model of Gravitation and Inertia

Change in Mass of the Planets Versus Their Gravitational Interaction with
the Sun

The planets of the solar system travel in elliptical orbits, being drawn
closer to and farther away from the Sun. Here the gravitational field
performs work. Regardless of the sign of this work, the mass of the planets
and Sun will be increased. For the same reason the mass of the planets will
increase when they rotate on their own axes. An estimate of these effects is
give in [6], and the main results of these estimates are given in table 1.

In calculating the increase in Earth's mass on account of rotation on its

own axis, the increase in its density from the surface to its core is taken
into account. For the other planets the density is assumed to be constant.
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Table 1.
1) 7)anner oh sesmah Ton oovenouaoe
BpALOMmIEN
Iaauera
B)onpyr Coanta z:%c::;morn oca
2) Jenan 8,6.10~10 2,08.10"10
3) Mepryput 0,2.40- 0,12.10-10
4) Mape 1,3.40-9 0,5-1010
Benopu 6,4.10-10 0,2.10-1
5) 10nutep 0,31.10-10 2,8.40°10
6)
Key:
1. Planet 6. Jupiter
2, Earth 7. Relative increase in mass of planets
3. Mercury during terrestrial year caused by
4, Mars rotation
5. Venus 8. Around Sun

9., On own axis

The increase in mass of planets on account of travel around the Sun takes
place uniformly, and on account of movement on their own axes it 1s proportional
to the distance from the axis of rotation. The effect of an increase in the

- mass of Earth must result in secondary effects [6], such as an increase in its
dimensions, extension of the period of rotation on its own axis, an increase in
the force of gravity on its surface, shortening of the year and an increase in
temperature. The effect of an increase in the mass of planets should be evi-
denced in evolution of their orbits, in particular, in rotation of the peri-
helion. By an increase (cf. table 3) in the dimensions of Earth it is possible
to explain such geological facts as the correspondence in the configurations
of coastlines of neighboring continents, the apparent drift of continents,
the expansion of oceans, the young age of rocks making up their floor, differ-
ences in the structure and composition of the crust of continents and oceans,
and the presence of numerous faults.

By the non-uniformity in the increase in mass in the crust it is possible to
explain orogenesis and folding, perfodic uplifts and subsidence of the ground
surface, the oblateness of Earth at its poles, and the reduction in the number
of earthquake centers per unit of area from the equator to a pole. The pear-
shaped form of the Moon can also be related to a non-uniform increase in mass,
because of the fact that it always has one side facing Earth.

Periodic Change in Mass of a Planet from Its Inertial Interaction with the Sun

The planets and Sun travel in ellipses around a certain point moving in-
ertially. As was demonstrated above, this motion, because of inertial
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interaction, should result in a periodic change in the mass of planets and
the Sun. An increase or decrease in the mass of the planets takes place

on account of a corresponding change in the mass of the Sun. For the purpose
of simplifying calculations, let us assume that the planets travel not in
ellipses, but in cireles (cf. fig 2). Then, for an approximate computation
of the relative increase in mass it is possible to use equation (11), where
4 is the linear velocity of a planet when it is traveling around the Sun,

v, 1s the inertial velocity of the solar system relative to fixed stars,

afid B8 is the angle between the plane of the planet's orbit and the vector
of the solar system's inertial velocity.

The real values of v, and B are unknown to us, It is known very approxi-
mately that the Sun moves at a velocity of 20 km/s toward a point with coordi-
nates of o = 270°C, B = 30°. Taking this into account, we find an amplitude
for the relative increase in mass of planets which is somewhat too high, since
we have assumed that cos B =1 .

Table 2.
, . 5)
b 2., | a2k | it
sipiiue | mio b | s | 2
Tlxanera ot R v
s G | e | |
foRax ﬁ"?. 18° 9,%‘ 1014 A ?8!, e
6) Besnn 1 6,8 2 5,8—9,6
7) Meprypna 0,24 10,4 02 | s54d0—9200
Beaepa 0,61 8,2 22 1700-—2850
8) Mape 1,88 54 0,2 5—8,2
9) lomarep  10) 1188 2.9 277.2 11,7
Carypa 1 i 29,5 2,2 63,6 -
Ypan ; ) 8 14 8,4 -
- Hentyre 13 164 1,2 6,4 -
Jlyma * 14) 0075 | 0,12—0,5 | 144—680 -
- 15) * Mswxeune nONpY® Jemax.
Key: ’
1. Planet 6. Earth
2. Period of revolution around 7. Mercury
- Sun in terrestrial years 8. Venus
3. Range of relative increase 9, Mars
in mass of planet, (Am/m) -« 10. Jupiter
*109 11. Saturn
- 4. Range of relative change in 12. Uranus
N mass of Sun under influence 13. Neptune
of a planet, (Am/m) 1014 14. Moon
5. Range of change in period of 15. Travel around Earth

rotation of planets on their
own axes, A * 10%, s
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In tabla 2 are given the ranges of relative changes in the mass of planets
and the Sun, and also ranges of the change in the period of rotation of planets
on their own axes, Since the parameters of the Sun's motion relative to
remote stars have been dstermined unreliably, experimental data on changes in
the period of rotation of the planets on their own axes and in the acceleration
of the force of gravity can refine them., A periodic change in the mass of
planets and the Sun is apparently accompanied by periodic radiation of energy
into the vacuum and absorption of it from the vacuum, which in turn can influ=-
ence the state of matter and processes occurring in the planets and the Sun.
The greatest influence on the Sun is exerted by Jupiter, with a period of
revolution of 11,86 years. The cyclicity of solar activity, with an ll-year
period, can be related to the influence of Jupiter, complicated by the influence
of other planets, primarily of Saturn, and then of Venus, Earth, Uranus and
Neptune. It is possible to hope that more careful studies of the phenomenon

_ of the variability of solar activity will reveal effects related to the in-
fluence of other planets on the Sun. A periodic change in the mass of planets
can result in periodic changes in the length of the day, which can be detected
experimentally. The so-called seasonal variations in the length of the day
observed on Earth are close to those computed. Usually these variations in the
length of the day are related to seasonal movements of air masses. This re-

- lationship cannot be considered totally substantiated, since seasonal varia-
tions in both hemispheres are mutually opposed and the only thing that can be
shown is asymmetry of the dry land and sea and the elliptical nature of Earth's
orbit, resulting in the fact that Earth over the course of the year draws near
to and farther away from the Sun. When it nears the Sun, Earth's rate of ro-
tation must be reduced, and when it draws away from it, increased, as the. re-
sult of the rising and lowering of air masses.

In our opinion, the major share of seasonal variations is associated with
a change in Earth's mass. Movements of air and water masses can only com-
plicate the pattern.

Periodic changes in the mass of planets must be accompanied by a change in

the acceleration of gravity at their surface., On Earth the range of these
changes can reach 6+107% cm/s2, Therefore, there will be nothing remarkable
about the fact that geological phenomena (earthquakes, eruptions of volcanoes)
correlate with periods of the year.

Inertial interaction of Earth and the Moon must result in an influence of the
Moon on Earth with a rather high range. Therefore, it is possible to hope

- to discover on Earth the influence of the Moon on the nature of the occurrence
of various processes.

Deflection of a Light Beam by the Sun

The motion of a planet around the Sun can be divided in two: One component
is motion in a circular orbit without an increase in mass, and the other is
motion perpendicular to it with an increase in momentum and mass. The first
agrees with Newton's law, and the second exactly differentiates the corpuscular
model from Newton's mathematical model. Let us find the numerical relationships
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between these effects. Fox this purpose let us consider the motion of Mercury
and Barth. Tn one second the increase in Mercury's mass equals Am/Tm =

w (2,201078)/(0.76+207) = 2.910=15s=1 , As was assumed previously, the
particles of the gravitational vacuum travel at the speed of light, 341010 cm/s.
Then the relative increase in momentum=--the acceleration--will equal u =

= Am/mec/t = 8,7+105 cm/s? , where t 1s the length of a year in seconds.
Dividing this figure for acceleration by ordinary Newtonian acceleration in
Mercury's orbit, we find that u/g = 2,15+10"5 , Por Earth the ratio of u/g
equals 1,37+10° , Since both one effect and the other are inversely propor=-
tional to the square of the distance, then the total proportionality factor,
the gravitational constant in Newton's law, represents well their combined
effect. So it will be until we have to deal with low relative velocities for
the interacting bodies or with a weak gravitational field.

Let us assume that one of the bodies is light and we will find the bend in
its beam when passing near the Sun. Before beginning any computations, let
us introduce some assumptions.

- 1. Light 1s not accelerated and not retarded in the gravitational field.

2. When the beam travels along a line perpendicular to the direction toward
an attracting body, light, as does any other body, bends it path in keeping
with Newton's law, i.e., with equation (10).

3. When the beam moves in the direction of the attracting budy, it changes

its mass and energy as a function of the change in gravitaticnal potential,
i.e., in keeping with equation (7), where v = c acquires a momentum of

Amc , directed toward the attracting body. According to this, the motion of

the beam can be represented as consisting of motion directed toward the attract-
ing body and motion perpendicular to it. Thus, bending of the beam will con-
sist of ordinary Newtonian, without an increase in mass, and of corpuscular,
with an increase in mass.

Let us assume that the beam in traveling from a star to Earth touches the
solar disk and that it is bent very slightly; therefore in deriving equations
it 1is possible to disregard it (fig 3). Corpuscular bending of the beam,
M’k , in segment As equals:

 Bpema

where o 1s the angle between the line of the beam and the line to the
center of the Sun and Am/m is the relative increase in mass (beam energy)
computed by equation (7). Substituting the values of a and Am/m din this
equation, we find that:

ks )
A= m.—,)rr.‘ arcctg 7 As

where k 1s the Sun's constant.
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Figure J. Sketch for Calculating Deflection of a Light Beam by the Sun

The deflection for the beam found, Ay, , takes place on account of tha com-
ponent of its motion along the 1ine toward the center of the Sun. On account
of the component of Newtonian motion along the perpendicular 1ine, the beam
is deflected in keeping with equation (10):

kR As
By = 28 (R24.03)')s°

After integrating, we find:

Voo Yt by =i (R =1),

This equation will be accurate only in the case of slight deflection of the
beam. 1In calculating, the following results were gotten: y, = 0"S1 ,

vy = 0"44 , and ¢ = 0"95 . This deflection of the beam was detected by
observing the covering of a star by the solar disk during an eclipse. Be-
cause of deflection of the beam, the star will be visible still, when the
solar disk obscures from view the straight line from the star to the observer,
and it will become visible before the solar disk uncovers this line. There-
fore, angle ¢ must be doubled, 1i.e., 2y = 1"9 ,

In table 3 are given the results of calculations and of experimental deter-
minations of certain effects.

Comparison of the calculation and experimental results shows totally satis-
factory agreement. The rotation of the perihelion of Mercury according to

the calculated data is somewhat less than the experimental. This can be
explained by insufficient accuracy of the calculations. The difference in
results for the rotation of the perihelion of Earth, of 2.5 percent, is
apparently related to inaccuracy of the experimental data, and perhaps to

an imprecisely dense model of Earth. Regarding the rotation of the perihelion
of Venus the same can be said as about Earth,
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Table 3.

Effect Calculated Experimental
data data

Secular increase in

period of rotation of Earth

on its own axis ir one year, _

seconds (7.4 to 12.5)« (10 to 15)+10°°
1075

Secular increase in radius

of Earth in one year, cm <0.2 0.6 to 1

Secular increase in gravity _
on surface of Earth, cm/s? (2.3 to 8.5)¢ <110°6

: +10-7

) Secular reduction in perfod
of revolution of Earth around - -
Sun in one year, seconds 5.84+1073 (5.3 to 6.7)+1073
Secular rotation of the peri-
helion of Mexcury in 100
terrestrial years, from arc 42.56 42.6
Secular'rotation of the peri-
helion of Earth in 100
terrestrial years, from arc 4,02 3.8

B Secular rotation of the peri-
helion of Venus in 100
terrestrial years, from arc 6.97 8.4
Range of seasonal variation
in the pexiod of rotation of
Earth on 1its own axis, -
seconds (5.8 to 9.6)¢ 10-10°%

107"

Range of geagonal variations -6
in gravity, cm/s? 6.10 -
Deflection of 1ight beam from
star by Sun 1"9 2"

Source of
experi.-
mental
data

(2]

(3

[10]

(8]

(8]

(71

(1]

(7]

The satisfactory agreement of the calculated and experimental data for the
rotation of the perihelion of Earth while taking into account rotation on
\
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its own axis and the distribution of density within it is a strong argument
in favor of the corpuscular model of the gravitational field, Precise de-
terminations of the xotation of perihelia of the planeta can give valuable

- information on the distribution of density within planets, and in certain
instances on the period of their rotation, The satisfactory agreement of the
calculation and experimental results for the deflection of a_light beam from
a star by the Sun also testifies to the correctness of the mechanism of
gravitational and inertial interaction employed in the corpuscular model.

The secular variation in the period of rotation of Earth on its own axis,
besides the growth in mass, depends on Moon-Earth tidal interaction, which
results in lengthening of the day. The movement of heavy components toward
the core and of light toward the surface, on the other hand, results in
shortening of the day. Therefore, it is difficult to expect precise agree-
ment between the calculation and experimental results.

The range of periodic variations in Earth's rate of rotation agrees satis-—
factorily with the experimental. The discrepancies present can be fully
- explained by the radial migration of masses in the atmosphere and hyrdosphere,
- and perhaps also in the substance of Earth. Tnis migration can be correlated
with the movement of other planets because of their influence on the activity
of processes in the Sun.

The experimental data on the increase in Earth's radius are highly approximate.
No less approximate also are the results of calculations characterizing only
the upper limit. Periodic secular variations in gravity have been modified
several times depending on the model used for the increase in mass. And the
experimental data which would make the selection of a model more definite
have as yet been insufficiently accurate. Improvement in the accuracy of
data on variation in gravity has been hampered not only by insufficient
accuracy of the measuring equipment, but also by interference related to
relative variations in gravity, which can be explained by relative horizontal
. and vertical movements of layers of Earth. Reliable experimental data can be
gotten only by simultaneous measurements at many uniformly spaced points on
Earth. Relative variations in gravity should be much slighter at the poles
than at the equator.

As far as variations in the length of the year are concerned (the tropical
or Bessel), it can be considered that the calculated and experimental data
agree satisfactorily, if the not too high accuracy of the experimental data
is taken into account.

In conclusion, let us summarize the above.
- 1. The corpuscular model of gravitation and inertia satisfactorily explains
- the existence of forces of gravitational interaction-and forces of inertia,
and physically interprets the inferences of the theory of relativity.

2. This model demonstrates that our solar system, as is the entire universe,
- 18 evolving, and explains certain geological and geophysical phenomena.
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3. The experimental data confirm the existence in macroaystems of the effect
of an increase in mass with gravitational interaction and of a change in

mass with inertial. An increase in mass will evidently also take place in

a variable gravitational field (gravitational and inertial induction of mass).

4. It is a very good idea to set up experiments with rotating bodies and
artificial satellites for the purpose of oconfirming the corpuscular model of
gravitation and inertia. They should be set up in order to explain the mechanism
for an increase in mass in a gravitational field, i.e,, in addition to weighing,
a precise physical chemical analysis should be made of the models before the
experiment and after it,

5. It is necessary also to improve the accuracy of determining the rate of
rotation of Earth and the other planets on their own axas and of their revo-
lution around the Sun, the rates of the rotarion of perihelia and their orbits,
and the characteristics of solar activity, and to arrange for research on
geological, geophysical and biological phenomena caused by the evolution of the
solar system.
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GEOPHYSICS, ASTRONOMY AND SPACE

ULe 550.831.23

METHODS OF ESTIMATING THE ACCURACY, NETWORK DENSITY AND ISOANOMALY CROSS
SECTION OF A GRAVIMETRIC SURVEY

Moscow PRIKLADNAYA GEOFIZIKA in Russian No 87, 1977 pp 111-121
[Article by B.P. Surovtsev]

[Text] At the present time there are several different methods of determining
the parameters of a gravimetric survey. Each of these is based on certain
apriori assumptions regarding the properties of the useful signal and noise
and in them are utilized different criteria for detecting and separating the
signal, and different software is used.

Let us compare several methods of calculation as applies to the problem of
scanning mildly sloping platform structures, We know that mildly sloping
structures create gravity anomalies with an intensity of 0.1 mgal and ninimum
dimensions of 1 to 2 km [4,8]. These data form the basis of all subsequent
calculations.

According to "Technical Instructions for Gravitational Prospecting Operations,"
- a gravity anomaly is considered reliably identified if it is intersected by
a minimum of two sections and is confirmed by a minimum of three points.
Furthermore, the root-mean-square measurement error must not be greater than
0.3 times the intensity of the anomaly [2]. As applies to prospecting of
mildly sloping structures, this means that required are an observation network
density of not less than 0.5 X 1 km and a survey error of 0,03 to 0.05 mgal.
The survey scale corresponding to these parameters equals 1:25,000, and the
isoanomaly cross section, 0.25 mgal. But we have no knowledge of the alteration
of quantitative relationships between the network density and the accuracy of
the survey [2]. Below are presented methods which to one degree or another
solve these problems.

In 1958 B.V. Kotlyarevskiy suggested that a determination be made of the
parameters of the small-scale surveys widespread at the time by means of the
method of relative errors [3]. 1Its essence consisted in determining survey
parameters on the basis of selecting specific relative errors in the detection
of gravity anomalies and in determining the growth in these anomalies within
the limits of the chart's cross section. Apriori assignment of errors made
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it possible automatically to find the natwork density,
scale and isoanomaly cxoss section required in this cage.

survey accuracy and

Let us discusa this method as applies to the problem of proapecting mildly

sloping atructures.
points, a , expressad in fractions of
the effective anomaly, varies within the range of 0.1 2af/t «1.5, and
survey error, o , varies from 0.02 to 0,15 mgal.

We will assume that the mean distance between observation
y half of the linear dimensions of
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Figure 1. Curves for Calculating Survey Parameters by Using the Met
of Relative Errors E_ and D_:

a--curves for equal values of Telative error E 1-~¢

= +0.05 mgal; 2-~g =+ 0,10 mgal; 3--g = + 0°15 mgal;

b-——curves for equal increments of Al (g

prospecting anomaly and a/s 41s the gntegval between obs

hod

is the maximum

erva-

tion points in fractions of half the distance between adjacent

extremes); c-—curves for equal values of relative error D
[Caption continued on following pagel
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1--p = 0.1 mgal; 2~-P m 0,25 mgal; 3~~P m 0,5 mgal} d~~curves for
relative error Dy + 1=-P = 0,10 mgal; 2--P = 0.25 mgal; 3--
P = 0,50 mgal

In £ig la are given curves by means of which, for fixed values of the relative
error in identifying an anomaly, E_ (0,2 and 0.4), with a selected survey
accuracy, o , (0.05, 0.10 and 0.15mm3a1). it 1is possible to select the relative
network density, a/f , for the purpose of identifying the effective anomaly
with a predetermined maximum intensity, g. . Prom consideration of these

curves it can be concluded that in 1denc19ying an anomaly, g, , with an error
of o, an increase in the relative network density, a/f , corresponds to a
reduction in relative error E_, and, on the other hand, in identification

of an anomaly, g8, , a simultaneous reduction in the network density (a/f + «)
and increase in gccuracy of the survey (o-+0) makes it possible to maintain
relative error E_ constant, and the same is true with a simultaneous increase

in network denai@y (a/%+0) and reduction in accuracy (o + »). With an assigned
network density and survey accuracy, a smaller relative error, E_ , corresponds to
a greater intensity, g. , and linear dimensions, 2% , and vice-versa. These
dependences broaden the opportunities for selecting the network density and
survey accuracy. Furthermore, depending on specific conditions, it is possible
to modify the parameter by means of which in the specific instance it is simpler
to reach the required relative error, Em .

In determining the isoanomaly cross section and the survey scale corresponding

to it, in the method is employed an auxiliary function for the increase in

gravity, A 0° between neighboring observation points within the limits of

the effective anomaly. 1In fig 1lb are shown curves for equal values of A 0

vergus the maximum intensity of the anomaly, g, , and the relative networ&

density, a/% . The values selected for A serve as the basis for plotting

auxiliary curves for components D and ]'B of the total relative error in

determining the increase in anoma1i¥s (D =03 vDZ_ + DZ ) within the limits
' m - im Om

of the charts' cross section.

In fig lc are given series of curves for equal values of component D as

a function of the relative network density, maximum intensity of the anomaly
and the increase, A, ., , between neighboring points and isoanomaly cross section,
P . All series have been plotted for three fixed cross sections (P = 0.1,

0.25 and 0.5 mgal) and corresponding survey scales, 1:10,000, 1:25,000 and
1:50,000. The values of DOm are determined from the curves in fig 1d.

Practical determination of the required cross section, P , reduces to the
following: a) A determination is made of the increment function, 4., , with

an assigned relative network density and maximum intensity of the anomaly.

b) A selection is made, by means of the nearest fixed value of A., , of the
required curves for the components of the relative error, D_ , Wigh an assigned
error of D =+ /DZ_ + DZ , from the curves selected a defermination is made
of the requTred isoﬁﬁomaly cross section, P , and, consequently, of the survey
scale, too.
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Thus, the cross section and survey scale determine the degree of certainty

in £finding the increment in gravity within the limits of the effective anomaly,
1.e., the degree of reliability in determining the regularities in the anomaly's
structure. By varying the degree of reliability within reasonable 1imits, it
1s posaible to alter the isoanomaly cross section and survey scale, On the
whole, the method of relative errors opens up extensive opportunities for
varying survey parameters. Tt makes it possible, taking into account the
equipment available and local conditions, to select those parameters which
ensure the required relative errors, E  and D, with the smallest loss of
materials, and, consequently, with themgreateat savings. Among the method's
disadvantages must be placed the absence of procedures for determining survey
parameters in the case of detection and isolation of an anomaly commensurate
with the noise (E > 0.5 and D_> 1 ). In addition, all computations are

made within the 1Tmits of an indTvidually taken profile.

Let us now discuss three other methods vhich suggest determination of the
network density and survey accuracy on the basis of a statistical approach to
solving the problem. They are based on the following apriori assumptions re-
garding the properties of efifective anomalies and noise: a) Gravity anomalies
and random observation errors are regarded as steady-state random functions
satisfying the condition of ergodicity. b) These functions are isotropic in
the statistical respect, i.e., the second corrclation factor is constant for
the entire territory considered. c¢) Random observation errors are distributed
according to a normal law so that their first correlation factor equals zero,
and their second correlation factor is not higher than 1.5 times the distance
between observation points.

In 1964 1.D. Savinskiy suggested a method for finding the optimum observation
network density while estimating the certainty of detection of the subject
of the search {4]. The essence of this method consisted in estimating the
probability, P, of a sub-cross-section by the points of an orthogonal
observation network for objects of elliptical shape. The author put together
tables and, on their basis, auxiliary nomograms for estimating P_, in which
taking part as parameters are fixed values of the ellipse's contriction co-
efficient and of the distance between profiles, expressed in fractions of
_ a unit of length of the object (major axis of the ellipse). By assigning a
specific probability of detection of the object, on the basis of its dimensions,
by means of the tables (nomograms) is automatically found the required observa-
tion network density. A positive advantage of this method 1s the simplicity
of estimation, based on the criterion of certainty of detection. Furthermore,
in each specific instance the optimum certainty is determined by taking into
account the economic indicators for the cost of the Job. At the same time it
should be stressed that the capabilities of this method are limited, since it
does not consider such an important characteristic as the survey's accuracy
and its relationship to the strength of the useful signal, In view of this,
_ the application of this method is not possible in gravitational prospecting,
in particular.

In 1967 K.V. Gladkiy suggested determining the interval, L , between observa-
tion points, which enables the achievement of equality in the r.m.s. errors
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at observation pointa, ¢ , and in the interval betweem them, € . On the
basis of this condition, for a point situated in the intexval of L/2, he
derived an equation for the relationship between the mean statistical function
of the square of the effective anomaly, B(0) , the network density_ autocorrela-
tion function, B(L) , and the r.m.s. error at ohservation pointas, o [1]:

w0l 3B (0) 4B (1) —4B (1/2)s
' W

We made a study of this equation as applied to the problem of prospecting
mildly sloping structures. For this purpose, the gravitational effect of a
mildly sloping structure is approximated by the influence of a contact surface
with excess density, Ap , at a boundary located at a mean depth of H , and
having a mean statistical amplitude of 2Z and correlation radius of R_.
Taking into account the apriori assumptions discussed above, regarding the
properties of anomalies and random noise, the following problem has been
formulated: Estimate the maximum interval, L , between observation points
making it possible to achieve at point L/2 an r.m.s. error, € , in the value
of the anomaly prospected, interpolated linearly, equal to the r.m.s survey
error, o .

Let us substitute in equation (1) expressions, B(0) , for the contact surface
and network density autocorrelation function, B(L) = B(0) exp (-L2/r?) [5].
After transforms, equation (1) is written in the form:

XbeedX — A =0, (2)

where X = exp [—(LKIZRZ)Z] and K is a certain auxiliary function:

Kot =2 3 axp (/Y 11— (I 01

A=0[g2K1—3; go=2]ApZ-

Having solved this equation, unknown interval L can be found from the
equation:

- Lt= —4RZ/K2InX.
3

The domain for determining X in equation (2) depends on the range of variation
of the parameters of the contact suxface characterizing the mildly sloping
structure (H, Z, Rz, Ag) and survey errors, ¢ . In fig 2 are shown curves for
auxiliary functfons K# and 8 » which are determined from assigned values

for R, Z, R, and Ap .
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Figure 2. Curves for Estimating Coefficients _Kz and 8y in the
Method of Equating Errors ¢ and ¢
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The advantage of this method is the ability to determine an interval between
observation points which ensures equality between errors at observation points

_ and in the interval between them. Among 1its disadvantages must be listed the
limitations imposed by the apriori assumptions regarding the properties of
anomalies and noise, the factor of establishing an interval, L , for an indi-
vidual profile, and the need to solve a quadratic equation.

In 1967 A.A. Nikitin, in discussing questions relating to the detection of
slight geophysical anomalies against a background of random noise, touched
upon the problem of estimating the observation network density and the
accuracy of geophysical surveys [4]. Based on the hypothesis that errors

in detection of the useful signal involving a signal gap or the detection of

a false signal are equally probable, he suggested a relatively simple equation
making it possible to estimate the certainty of detecting a determined anomaly
against a background of random noise, in terms of area.

Let us consider A.A. Nikitin's equation in somewhat modified form, character-
izing the certainty of detection of a determined anomaly against a background
of correlated noise, o* , with a delta autocorrelation functioq, R=+ +R
For N profiles (1< 1 < N) and M points within the limits of each profile xy
(1 £ § < M) intersecting the prospected anomaly, we have:

2 1]

y=0

(4)

B where P = Q/Vﬁof oxp (—t2)dt is the probability integral.

- Taking part in equation (4) are functions, p, , for the ratio of the energy
of the prospected anomaly to the energy of tﬁe correlated noise for the i-th
profile:
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3 ¢

']

_ #18 (=) _ i .
=" @R (5)

where g is the mean statistical intensity of the prospected anomaly, o 1is j
the mean statistical intensity of the random non-correlated noise, and R is ‘
the delta autocorrelation function for the noise.

It follows from equations (4) and (5) that the certainty, vy , is directly
proportional to the mean statistical strength of the effective anomaly, g ,

and to the square root of the number of observation points within the limits

of this anomaly, and is inversely proportional to the mean statistical strength
of the random non-correlated noise, o , and the square root of the autocorrela-
tion radius of the correlated noise, R .

Equation (4), takiﬂg (5) into account, can be rewritten in the form:

N
2/o =201 (y) / l/ > My ke
' {1 ( 6)

where <b—l (y) i1s a function which is the inverse of the probability integral.

Figure 3. Curves for Estimating Network Density and Suxvey Accuracy
in A.A. Nikitin's Method
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hi
In fig 3 are shown curves for the dependence of 8/v on ]//FESAIJH
for three fixed values of the certainty, vy , of detecting e
‘an anomaly. It can be concluded from studying them that a different degree
of certainty in detecting the anomaly matches up with one and the same observa-
tion network density with a different degree of accuracy. Similarly, a
different degree of certainty in detection matches up with a different network
density with the same degree of accuracy. With an increase in 'the number of
obaervation points within the limits of the prospected anomaly the certainty
of its detection increases. With an increase in the autocorrelation radius
of the noilse, this certainty diminishes.,

This method can be employed with success in detecting slight anomalies, equal

to and slighter than the strength of the noise, and not only random non-

- correlated, but also correlated. Among possible disadvantages of this method
should be listed the requirements imposed in the apriori assumptions regarding
the properties of anomalies and noise, and also the condition of equal pro-

- bability of errors of the filrst and second kind.

All five methods discussed, for determining the parameters of a gravimetric
survey, employ the common principle of certainty in the detection of the
useful signal against the background of random non-correlated noise. This
certuinty of the existence of a useful signal 1s a function of the accuracy
and network dengity of the gravimetric survey.

Let us proceed now to a comparative analysis of the certainty of signal de-
tection in the different methods.

Of course, the specifications of "Technical Instructions for Gravitational

= Prospecting Operations" are fairly categorical: The signal-to-noise ratio

- within the limits of the effective anomaly should be not less than three

- (s > 3). Then the certainty of detecting the effective anomaly is practically
equal to unity (9(3) = 99.7 percent). Undoubtedly, detection of the effect
of a mildly sloping structure with this certainty practically excludes the
possibility of missing it. But in the case of low strength of the effect
this imposes quite strict requirements on the accuracy of the survey. In
particular, the employment of standard gravimeters ensuring a measurement
error of 0.05 to 0.06 mgal can become simply impossible. And this, in turn,
can restrain the introduction of gravitational prospecting in the practice

of prospecting work. In addition, the instructions do not give an answer

to the question of the required observation network density and of the possi-
bility of varying it in relation to the accuracy of the survey. Of course,
in practice an attempt is always made to make more than three observations
per profile within the limits of an anomaly. But in each specific instance
this number i1s determined arbitrarily,

In V.V. Kotlyarevskiy's method of relative errors, evidently for the first
time in domestic practice precise relationships were established between

the certainty of detecting anomalies and the accuracy and observation network
density required for this. Typically, the relative error itself, Em = O/gm s

T3
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is a value representing the inverse of the effective-signal-to-noise ratio
introduced by the instxuctions (s m 1/E ). Furthermore, unlike the instruc=-
tions, here this value is not a fixed ofie. Tt can vary, being bound only

at the lower limit (s » 2). The assignment of E_ automatically determines
the required accuracy and observation network density., Furthermore, the
certainty of detecting the anomaly is defined as ¢ = ¢(1/E ) . In addition,
this method assumes that it is possible to vary the parametgrs of accuracy

and observation network density while maintaining the required certainty of
detection. On the whole this method broadens the capabilities of gravitational
prospecting in formulating different problems.

0f all the methods enumerated above, the most effective, evidently, is A.A.
Nikitin's method. This 1s explained by the following reasons. First, here

- is most simply expressed the relationship between survey parameters and the
certainty of signal detection. Unlike other methods, it can be used for
detecting anomalies whose intensity is equal to the strength of the noise and
1s slighter. This method is the only one in which estimses are made with
reference to area and in which the case of correlated noive is considered.
Survey parameters are determined here on the basis of an apriori assigned
certainty of detecting the subject of the search or of prospecting. With
assigned certainty, it is possible to vary both the network density and the
observation accuracy. All this makes it possible to recommend this method
as the basic one in estimating survey parameters, in particular, in prospecting
mildly sloping structures.

Let us now discuss the certainty of signal separation against a background
of random non-correlated noise. Generally, this certainty is determined

by the accuracy and network density of the survey, the ratio of the useful
signal and noise strength, and the law for variation of the strength of the
useful signal, and, as a consequence of all this, by the isoanomaly cross
section and the survey scale. Formally, both in "Technical Instructions for
Gravitational Prospecting Operations" and in B.V. Kotlyarevskiy's method,
the certainty is assigned by selecting the isoanomaly cross section. In the
instructions this problem is solved on the basis of the principle that the
cross section must equal triple the measurement error.

Furthermore, a necessary condition for nutlining an anomaly is the presence |~
within its limits of not less than thrze points obtained on independent trips. )
As far as the scale of the survey is concerned, it is determined on the basis
of its formal relationship to the isoanomaly cross section chosen. The con-
dition imposed on selection of the cross section assumes a degree of certainty
in outlining anomalies with 1solines which is practically equal to unity
(9(3) = 99.7 percent). But this concerns only anomalies which are two times

. greater in strength than the measurement errors, Of course, this method cannot
be employed for the purpose of outlining anomalies equal to and slighter than
the noise. In other words, these anomalies will be omitted, since they will
not be outlined.

The employment of B.V. Kotlyarevskiy's method makes it possible in selecting
the cross section to operate with the set of parameters of the anomaly to be

Th
FOR OFFICIAL USE ONLY

APPROVED FOR RELEASE: 2007/02/08: CIA-RDP82-00850R000100030044-9



APPROVED FOR RELEASE: 2007/02/08: CIA-RDP82-00850R000100030044-9

FOR OFFICIAL USE ONLY

lsolated. The selection of the cross section itself here depends on the
apriori assigned certainty with which we wish to lsolate the anomaly in
quesation, ¢ = ¢(1/D ) . And this certainty, in turn, depends on the salacted
netyork density, the accuracy of the survey and the signal-to-noisa ratio
(the law of variation of the strength of the useful signal is assigned
apriord in this method)., This has a direct relationship to the problem of
isolating low-strength anomalies. Actually, this method establishes the
required quantitative relationships batween the certainty of isolating the
effective anomaly, survey parameters and the isoanomaly cross section (survey
scale), for the case when the intensity of the effective anomaly is commensu-
rate with the observation error, G(l/Dm) = §(1) .

The comparative analysis of methods made here can be conducive to improving
the geological and economic effectiveness of gravitational prospecting.

In conclusion, let us 1llustrate the capabilities of these methods with a
specific example. We assume that the subject for prospecting is a mildly
sloping structure with the following parameters:

= Number of gravitationally active boundaries 1
Excess density within limits of gravitationally active boundary,
Ap , in g/cm3 - 0
Mean bed depth of gravitationally active boundary, H , in km 1

- Axisymmetric autocorrelation radius of boundary, R, » in km 2
Mean statistical amplitude of structure, Z , in km 0.1
Linear dimensions of anomaly of structure, 2% _ 4
Mean statistical intensity of effective anomaly, g , mgal 0
Maximum intensity, g. , mgal 0

Ratio of autocorrelagion radius of noise to interval between

neighboring survey points 1.5
2) Meman o
1) . -
T~ g R ' 5) 6)
OLLE PRI B
Mapaserp te 2 '2 Etuga OCHOBAHMBR 111 Tvupt
. E"E‘ ‘4 88 a &3 onTNMARLINT
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59¢ ngg gl:f-g (110 nnota)
§§‘ L1 g gms
53 358 b
] g RIS 2ERS
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Key:
1. Parameter 7. Measurement exxor, mgal
2, Methods . 8, Network denaity, km :
3. CGiven in technical in- 9, Survey acale, mgal .
structions, (by profile) 10, Cross saction, p
4, B.V. Kotlyarevskiy's 11, Certainty of isolating effective
method of relative anomaly

arrors (by profile)
5. K.V. Oladkiy's method of _
equating exrors ¢ and ¢
(by profile) -
6. Based on A.A. Nikitin's
theory of optimum reception Y
(by area)

In the table are given the results of estimates by each method, with an indica-
tion of the certainty of detecting, Yy 0 and isolating, Yy 0 the effective
anomaly.
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